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PREFACE
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Section 1

INTRODUCTION

\Ž The purpose of this program was to investigate the controlled doping of

compound semiconductors by means of ion implantation. This effort has

encompassed 1) the study of the physics of the ion-implantation process,

2) characterization of the as-grown, implanted, and annealed specimens, and

3) optimization of specimen preparation, implantation, and post-implantation

treatment for the application of these techniques to electron-device

fabrication.

In the sections that follow, studies of III-V semiconductors will be described

in detail. The analysis and characterization of the specimen by means of

photoluminescence, electrical measurements, capacitance-voltage profiling,

far-infrared absorption, transmission electron microscopy, and transient-

capacitance studies will be discussed. Some of the characterization tech-

niques represent new developments in experimental capabilities. The

fabrication of the apparatus as well as the experimental methods used in

their application will be treated in detail.

Publications resulting from the research using photoluminescence topography

are included in Appendices A and B.

The results of this research form the basis for a continuing advancement

of the state-of-the-art of ion implantation in compound semiconductors.



Section 2

MACHINE AND ASSOCIATED APPARATUS

The importance of ion implantation as a semiconductor doping technique is

derived from the degree of control available over the implantation process

and from the fact that any ion can be implanted into any solid. The three

main parameters over which control is exercised are implantation depth,

fluence, and impurity species. The depth of penetration of an impurity ion

into a host material is dependent upon the host material, the mass and

charge of the impurity ion, and the accelerating potential. For a specific

host and ion, the penetration depth is directly controlled by the acceler-

2
ating potential. The fluence or number of impurities implanted per cm is

dependent upon the implant area, the impurity beam current at the target,

and the amount of time during which the target is exposed to the beam. For

a given implant area and beam current, the fluence is directly controlled

by exposure time. Selection of the implant species is accomplished by

mass analysis of the ion beam. Only that constituent in the ion beam

which has the mass-energy product passes through the analyzing magnet and

impacts the target.

The ion-implantation apparatus located in AADR is a ten-year-old 150-kV

accelerator that SRL personnel have maintained and operated for three and

one-half years. The major elements of the machine are shown in Fig. 1.

Included in the high-voltage terminal are focusing and extraction elements

for the different ion sources available. An rf source is used to produce

ions from gases such as Ar, N2 , 02, and HI2. A hot-cathode source is used

2
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to generate metallic ions such as Ge, Mg, and As from appropriate solid

sources. Once the ion beam is generated and accelerated, it passes through

the analyzing magnet. The magnetic field divides the beam into its various

mass components at the output port. By selecting the proper field, the

desired ion beam passes through the magnet to a set of mechanical slits which

may be used to adjust (reduce) the beam current. From the slits, the beam

passes through the neutral deflector, which is a 50 bend in the beam line.

The beam is deflected around the bend by an electrostatic field. Since only

charged particles are affected by the field, any neutral atoms that may be

contaminating the beam fail to make the bend and impact the beam line wall.

The next element in the beam path is a quadrupole which serves as the final

focusing element for the ion beam. The scanners are used to deflect the

beam across the target surface in an asynchronous manner. This ensures

uniform implantation over the entire target area determined by the aperture

in the sample chamber. In the present setup, the aperture also serves as a

suppressor for secondary electrons emitted during the implantation process.

2.1 ION MACHINE

Three modifications were made to the ion machine during the contract period.

A 200-Z/sec Perkin-Elmer Ultek ion pump equipped with a titanium sublimator

was installed on the targer chamber in place of a turbomolecular pump. The

ion pump was installed to eliminate sample contamination caused by back-

streaming oil from the turbo pump. Four target plates capable of hold-

ing 2-in.-diam. wafers for implantation were designed and installed in the

target chamber. Previously, the maximum sample size that could be implanted

was 1 in. in diam. The last improvement was the addition of a third ion

4
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source--a cold cathode--to the other two sources used for ion-beam production.

The cold cathode requires a negative high-voltage supply for its operation.

A negative supply does not exist at the source end of the machine. rnstead

of adding a new supply to the already crowded top end of the accelerator,

an existing power supply--the probe supply for the RF source--was modified

so that it could be switched easily from positive to negative. The negative

discharge potential and the carrier gas pressure are the only parameters

on a cold-cathode source. Both must be adjusted for optimum ion current

while the source is running. This required installation of a remote control

for the carrier-gas metering value. (A remote control for the discharge

of potential existed.)

The cold cathode was installed to be used as a Be source since it was

constructed with a Be canal. This canal is sputtered by the discharge

during source operation, and a small Be ion beam is produced. Since Be

is a very toxic material and dangerous to handle, this is a safe means of

producing a Be beam. The source did produce a Be beam, and samples were

implanted. In addition to low beam currents, another problem with the

cold cathode is that because of the energy dispersion of the beam, ion

beams cannot be resolved as well as with the other sources. This is not

a severe problem for low-mass ions such as Be since it is widely separated

from the possible contaminants hydrogen and carbon. These two problems

limit the usefulness of the source.

The Be implants were done for use in the initial setup of a new technique,

Glow Discharge Optical Spectroscopy (GDOS), to be used for profiling implants.

Unfortunately, the Be implants were never identified by GDOS. This was not

5



the case for three other implanted ions. B, Mg, and Ge implants were

successfully profiled using GDOS (see Appendix C for publication on this

-subject). In addition to the GDOS implants, Ge and Mg also were implanted fort

a detailed investigation into their electrical properLies. The results

of this work will be discussed later in this report as will Lhe results of

dual implants of C and Ga into GaAs.

1
2.2 ENCAPSULATION

Radiation damage iS nn Inevitab] e consequence of ion implijntit iol.n

Bombardment by high-energy ions creates point defects such as vacancie-s

and interstitiaIs, clusters of point defects, and dislocation hilps. The

amount of damage generated depends upon thL' i•n species, ion dosc', d.,sc ,

and the energy and temperature ot the substrate. Untortanatel\, some dami,.ý

sites may act as unwanted traps for holes and e ýctrons or may form :ac..". v

complexes. In addition, all of the as-implanted ions do not sCttle i.

substitutional lattice sites and, hence, all of the ions do not becom-

uicctricallv active. Therefore, tLhermal annealing is required to bri.g tlw

dopant unto e]ectrically active sites and to -_.,,ve the unwanted radiat.,r

d.imagc., C;eneri ly, annealing temperatures in the range 606 - 900"C art:

required to achieve maximum electrical activation of the implanted ion:_

Anuenlin ,g ;It this high temperature usuallv removes the maj rit y of the

il,,plantcd daimage. However, it is known that As cn, be lost from thio .,ul., i,

,1' (aAs iL it temperature as low oi' 4()0 0 C. Since. the (it t: ,11::t itol l ia -

.iture ()I (;aAs is 630%C, some mcail. of su lace protecti,i iýo reqtie-d

during high-temperature nneanling.



Usually the surface of the implanted layer is encapsulated, using a thin

dielectric film as a protective cap. An effective encapsulant should

reliably protect the implanted GaAs surface from decompusition at tumiper-

atures up to at least 900%C. It should also prevenL OuLditluZ]on 01 the

implanted species. The encapsulant must be easily depositable as a lomo-

geneous layer which adheres well and does not diffuse into or react chem-

ically with GaAs. It must also be mechanically stable and able to withstand

high temperatures without blistering, crazing, or creating strain at the

interface.

Amrg9, the presently known dielectric caps, Si 3N has been demunstratud Lo

be comp'rable and in many cases superior to the other encapsulatits for

annealing GiiAs. Even with this cap, however, tLile imphlant;1iicn rusults hiavu

shown a strong dependence upon thC deposit ion uet h Od ai J tLh part iculiar

parameters used. Two nitride deposition systems were perfected Low I- the

period of this contract--a chiemical-vapt-r-depositi 0n1 system and a pIasma-

enhanced deposition system. Figure 2 is ; block diagram of the ,hiemical-

vapor-deposiLion (CVI)) system used tO encapsulate GaAs with Si 3N4 'lIii:

system was copied from Lincoln Laboratory whicih as.-i:;tcd in its illiLi,lI

set-up. Lincoln Laboratory did tIi e ellcapsLatl Lionl i or tLIe i:n11 1ll. t ,iion wor

accomplished during the previous ckoit i.ra,:t. The o tabl] isilijui ) ;in Iin

house encapsulation faacilitV was necessitatted by tihe Inc teased Jon-

imfiplallttion effort of thins contLract. 'li•e ract,,r coniiý;trL[Lu Lji 'Iw : W gtLt-,iid

in progress at the start ,f tOis cLontraLct. lhuHi-iv p,1 of 1 Vl 1s .ii

knl',w' as ti "pyrlN-0 i't u c' s5VstLL'1, ilict- :t tl:,•' high t'i'i rpr',tIU iflitiit'

tlhe reactLoitl leeded tO producte th. S1 N_. AltH MIbo .I•liIl Lhi t le)i't' oLti)C I',
34

cfiipi %c'v Oid l thi is a ''cold-wa] I" reaic~tr, 'Ilie CAI) sVtcII 115i Ltwo 1,iL c- kctI

____~ ~ . ..- .._ _ ......
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gases--silane and ammonia--and a third dii ut i ng gas wh iiL i iI i Lt Igen . fl:c

silane used is a 5% mixture of silane and nit rogen. Th-e other rac:an:tt i•s,

is anhydrous ammonia. The nitrogen g.s used for di tinL I ind 0 Mk i n;, i : n

obtained from liquid nitrogen in a pressurized storage Dew:r. A liquid

source for nitrogen was not used in the early stages of the system develop-

ment. Rather, a standard high-pressure gas cylinder was used. The liquid-

nitrogen source was implemented when, in the course oi investigating po-

LentiLil reasons for cap failure during annealing, an analysis of the gas

in the nitrogen cylinder showed the presence of a substantial a•mount ,i

helium. It was discovered that the nitrogen cylinder had previous v con-

tained helium. Whether or not the helium contributed to the cap failure is

unknown, but the incident did dramatize the need ftr i.n[ e:o•sil' ,1ti mbile,

reliable, and pure source of nitrogen. A purity problem does not exist 1or

the reactant gases since they must be bought commercially.

Examining the block diagram, one sees that from the source cylinders, the

gases are plumbed through a purge manifold. The manifold is designed to

permit the backfilling and purging of the entire system WWit. nltrgen. Iini

next elements in the system are the gas-flow ControlIers. For the first

year of operation, flow control. was atcomplished manually by means tr

metering valves and mass-ilow meters, Constant monitoling was required

during a run, and reproducibility suftered. The manual controls were es!eo-

tial fb~r initial set-up, however, sinc'e it w;,s JW,-',!s.r-v , i-i, gas-

flow parameters and the final flow ranges COnINd not be determined. Once t hl

various flow requirements for opt imum nit ride deposit ion wore establi I shed,

properly ranged automatic Tylan mass-flow controllers were installed, From

the con troll ers; each gas line passes t hrougi wg av elect rical I V operaoted v lyve.

9



These valves, and similar ones located on the exhliust and vacuum pump lines,

are operated by the sequence controller and are actuated at different

times during the capping cycle. When tile system is "standing-by," the

valves ill both nitrogen and exhaust lines ire topened Lu alO1w continul

nitrogen flow through the reactor ch.umber. Once a sample is loaded, the

system is evacuated. All valves are closed except the one on the vacuum

line which is opened to allow evacuation of the chamber and all supply lines

up to tie other valves. The system is evacuated to less than I Turr. At

tlui s point the vacuum vaIve closes, the tLo nitrogen valves (,pen, and the

svstem is backfilled with nitrogen. T i)e sCys tem next euntors :i purge node.

1 he nit rogen val,-es: -ose and t S . ila.2 , aM ,i 011 iA, and eixhiusLt VJv.,,e ojtlu

The heater temperature is raised 2000 C just prior t illtn rodt-l ing i],mte.

Ini.v procedure wa recommnended by I,incoln L,.bori Lou -\, 'c i t I A- V. 4eVtI

that tic 1'il.ne could react at roon, temper:iture with trace asunt ts iut

oxygen still present in the reactor chamber and tcould depo.>it on tihe

samp Ie. Ibis predeposition can be el ininated it the ,ampe is hearted t

200 0 C. The chamber purge lasts for --I -niiI., a f tr w;vi,-i 10,i tL [Iogclu Valv\es

open/ and the liactanlt gaseasa Ie dilutLed iii t!e , mixiing c!ambers. Ilroa the

mixing ch.mWers the diluted reactant-; , tow t,, thi, L-e iv'-, c1- whLere thev ,r ],
dispersed and mixed. The flow rates for vie differcnt .,seo are as

I tl! low I
5-, siLane in nitrogen 220 ,ce: w

nitrogen-si lane dilutAnlL 50t) sm

anlrmnrail i,i 20 0 - , M

l i L -o •,,t ll- .I im ,!i, -I ! l t. '• ( ) >- ' 1;

.\it'i n ill. .11 mixing, the heiter temperinc as raised to the depit inoO

t :perature of 725 5%. This rapid rise i,; a, ctol l '1 litt, in 8 sea. wil.

I



minimal overshoot. The sample will remain at this temperature wit ii t. i II
desrted thickness of Si3N4 is deposired. Tlh depositV PSi L ti 1 I at t dk..'e t

temperature with the above flows is bet ween 31) and .40 A:".-v, viu- tilt.

desired film thickness is reached (approximated by tile Iliii's cilir), a -.

clear button is pressed to deactivate the hUeter and close thie etvk,iL:l ii•;i-

Ii
valves. Nitrogen continues flowing to flush the chamber and cool the sanlplu. i.

The depis iL ion rate of tEhe nit r ide i5  di re, t 1 depelnde C ilt 1 ::; t tii;:LtlIi , 0 1-L

and gas-flow parameters. 'Te temperature deptendence can be scull in Fig. 3.

WI Li fixed gas plri-ielers the higher teLtCilptratLurC , tkt tliLKel QA1' AU-j

po site d I ilm . -L nfo rtun a te ly , the in dex Of I,-e fl -,ICt in ,l t Ic litt rt Wd I i ,],

also vIries witlh depos.ition temperature, a.s5 soi0,'.,, in1 Fig. -.. The brokeln A
line or Fig. 3 and related Fig. 4 represents the earl-v d.,- t, -u v :1,,-;- 1i

reprJducibilitv oil, 01 - s'stem. Each stvgLie of Fiis-i. i alt. -a l i-t! S ,Iw COals ' -

plishied on a different day. The dependence oif deposition rate upon flow

parameters call be seen in Fig. 3 K, the star in the upper left corner o: 0

tile graph. TIMe star plots tile Lhickneiiss of the filmI wh ich results whn t

.i aie f low is increased to _220 Sccm and the other fl os al o ihlltd.

lilthe -oresponding index of refract ion is plot ted o4 n 2 l. -, I,, tLa- C,Lý. A

The pa ralmeters ;issociated With tilt' S ai" Ire hlio se wJit'ei were1 used in' fwli-

necti,'i with some of tilt' iMpIntavti,oi %,i-rk dLt_-ta Ie i ,llaer Ill thli: rep, It.

Figur , 5 shos tile pyrolytic rection ,aimnberr, detailig the di-itipvl Sioi

airms for tlho diluted reaictaII ,, thet t it-r'ih t",l _ for tciipt'litiJl-½* t,.il;it I

111 ld ,olntr Jo , and Li? i ,lthCl i t 'll lW eit I 1it, .a u l' II L' re L * tl It -it ''I , i

I t -.'l•s gripi) it sL-rip 2 in. ,o:! - 6 1, . VI . i:d. i 1.- -i! V -I

area in the centt'r iS usab5 le fl r tlppiilig. ]It' l ti tti i..- a:W;1t- Oill .t l

lirugh i L o ill etilIer enId Lto ell-1lli'te more inI OrIll nin-r1 t (Gt,,' I i -tl!ill ,v i i:
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and to reduce the heat loss from the strip to the supporting feedthroughs.

The heater is connected across the output of a 1.5 kVA transformer, an

arrangement which allows the rapid rise to the deposition temperature. The

importance of the rapid rise is apparent when one considers that the capping

temperature is higher than the decomposition temperature (-630'C) of GaAs.

The thermocouple is inserted into the side of the graphite strip. It was

originally placed in a small indentation in the bottom of the heater, but

that arrangement proved to be unacceptable for two reasons. First, the

gas flows were sufficiently high to randomly dislodge tile small thermo-

couple bead during a cycle. Mhen the heater was energized, the temperature

would rise far above the set point and destroy the sample. Secondly, after

repeated runs, the bead would become encrusted with nitride and produce

erroneous temperature readings. One additional problem associated with the

thermocouple was discovered in the original design. The thermocouple was

mechanically attached to a feedthrough in the chamber. It was discovered

that the junction of the thermocouple and feedthrough was generating an

EMF as the ambient Lemperature of the system increased with each additional

run. This EMF represented an increasing temperature neasurement error.

Once the problem was identified, the solution was simple. Ilhie teedthirough

was removed, and the thermocouple leads were continued through tile chamber

wall intact and connected to a terminal that remains at room temperature.

The high temperature associated with the pyrolytlic reactor limits !ts

versatility. It is impossible to encapsulate large siamples, and some

materials of interest such as InP cannot withstand the iigh temperature

required fLor deposition. In order to solve ',oth of tlct.- , ctý.•, e

low-temperature, large-arca encapsulation .metihod was sougit. .\ p!;tsM0-

enhanced deposition (PED) system fulfilled ),)tl the tumIpcrltture L nd a r'. I

A _1



requirements. A system of this type was purchased by AADR from LFE Corp. in

January of 1978. A block diagram of the present modified system is shown in

Fig. 6. The modifications made to the original system were extensive. I
Through the development of the CVD system it already was known that oxygen

contamination either from a leak or from residual water vapor in the system

would render the nitride useless. Upon examination of the PED system, the

internal plumbing was found to be copper and plastic. Helium leak checking

confirmed suspicions that this arrangement was not and could never be leak

tiglht. All the plumping was replaced with stainless steel tubing and

fittings. The inadequate flow controls were also replaced with quality i

metering valves and flow meters. Even after these modifications, the I

quality of the Si N, did not match that of the CVD system.

Dr, Streetman's group at the University of Illinois was claiming good

results with its home-made PED reactor. A visit was made to Dr. Streetmanl

tu) observe his procedures and obtain some of his nitride caps. The Visit

proved to be both beneficial and discouraging. It was discouraging because

every one of the 17 U ersity of Illinois taps blistered within a week of j
encapsulation. 'fhe visit was beneficial in that important system modifitct Ioiih-,

were discovered. The first modification was the addition of a cold trapped

diffusion pump (a high vacuum system) for evacuating the reactor bell jar.

The second modification was the installation of a shutter. Part of the

] 1.inois procedure was to "clean" the bell jar with a nitrogen plasma prior

to• deposit ion in an attempt to remove any oxygen or water vapor that might

1-6
remain even after the chamber had been evacuated to -3 10 lot r, A

moveable shutter was used to shield the sample from exposure to the plasma.

A stainless stec,] leaf shutter was designed and added to the reactor chiamher, 4

,.=- -_
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as shown in Fig. 7. In order to implement tie plasma cleaning procedure onl

thie LFE reactor, the logic and timing had Lo be disabled. Ini oddition,

electrically operated control valves were installed in the gas supply lines.

Essentially, the system operation was made completely manual. I
I

In the course of system operation and evaluation, many problems were dis-

covered and modifications made. The silane mixture w,,5 ch:inged from that

used in the CVD system to a mixture of ,"" silane in Ar. This aJllowed the

silane-to-n itrrogen ratio to assqume any desired va luo. A flew : ta1i:less st~el

shower va.-; designed to replace the existing glass shlmwer. The huol s in thle

glass shower were irregular and did not give a uniform deposition p;attcrn, .

"Iie glaLss ba.se-Iplate 2 t L- tile re k:ct,,r aIls. ) i, replaced wit;; at,tiiness Stt..l.

The urigilll glass plate used o-0ring eCalJ 1 for the hea0tOr and tiermocupl II-

feedthrougi. The combination of poor constructionn of the nase plate Lind h, 11

feedthrOuglh's exposure to high temperatures led t, frequent lo-ring failurec

wihich resulted in leaks. 1hie o-rings were not easilylv repl]aCed be-CtlUS the

entire _hamher had to be dismantle)d. Viti tiLe saLAinles :;teCl base pliate,.-

th+e -ecd tii .ughs were "sutbstrated" ill ld thuIS cealed tol be J solliti ,I it'.it:,.

"Thle elLater PI sC .as replaced. Thet riinal heater wa-ij a dilthsisn-p)iili

hecater drav,.'-:i~i ag in.st LWI a,]lnllinarl:i ring.4:, whlitl Priwced H, ihe a• ma•).r i~rIl,'i..

When a nn iLoI-irig LkWrmiicouppl L' Ws mUunted oii the Lop .i timiirurii Il:te (',JIL it

the s.nple rest ., *a tempCr;la ure differenlce -If -IL vj U, .C i,- LI,-

1nd icoted t niper ILt•rU f.e w s mleasured, anIld llii. di ,f I ruini I l i, L ]I'i td. .1, ki

I liet, r L i,•• it l' , I l ?:ItLict L e)LL..vtwe e i 1,Ivnr> ,ir the hi t'r I lie UIIiI?'l iit . I

ci iI . rent- wC V.' .I llide 'ut u l di ; L ' i.e i; I I !si cii: ire- .lic ti•1 i lit . "1 1 l t '1

,L* eV, U,aLLd, Llite L impieraturu wi.m ld Je r is , v''ith L I 1o::oiiit k , tie I-t.i- I

dlel l ,I I Ii;: ',1 tie t i t t ir i re. t! I r L '1t (t-P e• u, iu.,i ,, .II, :i L. .' xci; I i .I '

ký:-
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tiLe Lempera ture would ris.e, with the nmoun t of increase de)pend ilgli oin lw

far it prev iously had dropped ;and hoe long the gas flowed. The hea tcr

element was encasecl in metal but It was nlut sealed, whtic'Ih made it a sotlire,

o I onftaniadion and leaks.

A new heater was designed with the criterion that it must be clean caid

simple. A qpring was fashioned out of nichrome wire for thr heatitng eluvicil.

The spiral element was positioned on a quartz supporting table and 1()ool,..

covered with a -t.Linilss steel disk. The disk rests on the quart spacecs:

which prevent the element from shorting. The controlling thi.riocouplc.

in.s,.erLed into -he edge of the steel disk, and a monitorilng thermocorlple Is

mounted on top of the disk. This arrangement functiolnl. qu it~e well .1:d ihi.;

thlt advai1Lage of being completely and easily cleanable.

Paralleling the evolution of the system hardware was tihU evolu tion of an1

operaLtrig procedure. A sample is placed on the st~iinrle.s .,Lvvl disk whlI,-l,

is at the desired temperature. The shut ter is cl],sed andl tlr. t himlher i

scAled rid rough-pumped toI Ie.ss thani 10 ij Once below 10 , tire rou., pnIl

is: volved off, and tie gate vllve to the diffus•ion p 1vrp I. opened . 'lk-

-6

ch;immher i:; further evacuaLcd to a r~tr,7c of 10 Turf. The gate valvc i!,

closed, and the chamber is backi iled with nitrogen. The roughiring vivt. I.,

opened and a 200-W plasma is excited. ThIs is the i. ta lritg plasma ,sed

Illino .i. Tire nltr,' gen flow 1.s sto()pped, ;and the h , vy.tLem 1 ;kI lI)wtd to) i)oty,1 i

hack t) 10 ip. KY" power is frli, (Ied, arid aga n Li tlt chairml0L r I:, i!v;i,-t,1t(d t'

rarg ,,o 1 )1 0-6 ',olrn . A,-. before, tOe chaimber is. backf i] .ed and ., 200)-W

niltrlogen plaisma is excited. This time the shut tCr J, S oIclil'd, arid ILt Slie np',)

is eXposUd tL, the plaism:r for ait learnt J0 se!'. Wh;it ].J; a.ti;l II y ;ici'iijI V|;it'd



I'

with this step is not known, but experimlents have shwii it t, Il' hi hn'L i,:i.I --

possibly it condition-- the sample siIrf;Ite Fr better .idi,-•.nt t, Liec iiitL-iI

Following thle exposure the shutter is closed and silane is lntrr•d'od into 1

Lilt? chamber. Time is allowed for mixing ;and .sLib 1izlng before Lilt d!pu, i-

Lion pins. is excited. once this plasrma is cxcited, deposition begiii:. i,

soon as the shutter is opened and proceeds until tie desired film thickness

is deposited. At this time tile shui ter is cl ,1svd, te ri 1,,wer rem,,vt-,, .,iid

tlhe gas flows stopped. The sVstem is al Iowed Lt r,,ugli ou t he I orttLI ic rugli- I

ing valve is closed, and the system is bhakfilled with li tlr,½•c';i iri,,r tL,

I

s,-imple rcmcyv~ll.

Six pararveter.s ,IffetcL Liht nlt rided et! s t ~ - s !l, t. r,(,',, ii r,• :: I :.

rate, rf power, temperitaure, Lime, lind tOI di -Lltine L'o li ti i s'4,t,ui r t, i

heater. Al Lhtughi tile iLast parameter lih.,1 an effect iL n Lie ,il|post It u 0 1 theI' A

deposited film, its ma.jor e21flect .(.s on the ull or ,I llMiLv inld size Il [lie irL'., i
over whiCh the deposition occurs. fihles I - .'4 rucord tLil indcx I rcli a- "A

tion ;ind Lhii ckeiis:s of _}the depos I.Ltd S .1N4 , ohbt•iwd b6, vlirviig Hat d11 1icl. n I

paraimters. A]l I tlcel" a'ffeCt' iig pairaimetevrs wev' oi d ,'J o-l.,I nill, tl .1

dali) 1.'s it Ji po!sslble t , ,order the v-,rlo,,, 'Ir. COi i•''a ll)', I h it'r

degree olf clect upon thle duposited nit rid,. 'li'. T ,. irr. i ttr i ,.v Ii li•-

grcatesL ci I ec L uponii the llitride I, tlt' Sil,meL' I Iow jiL t , . liii:. itIL'aii!, t 11. 1

small elicih ge Ill tile sllIa e flow rt,, ll(i 11! a 1,11;;L' village' Il• 1 Wi nitl ji (

compositL ion aid hla t g'od (-oi'i rol Iof Li hu I.-ilt' I 1w,, 1, '(Iii irt'cd i I heI w

systeli Is nis t ti o s-ilffer reproduc hlhI f lt om-iiiiie . 'Jht- I I liii, I I -, ii. I -c -

l I owed c' ,I Iy by r f pi',wur J, tili, t cnpii i t-jt t r-, iii, I I ii. iI i',' , ri Ilw

rijte, 'il't' tLan lr. c it IF, .S' showL that t ' l 1' I •tr il ; i.ii V! i,,•, , dI,,, LI .1) L ,

wide variety of LnrtI tr LrI I L t I i',]e , 11 i 'il l, il''v

211
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TABLE I

RESULTS OF VARIATIONS IN NITROGE'N FLOW RATES AND RF POWER UPON PED
NITRIDE, ALL OTHER PARAMETERS BETNC HELD CONSTANT. SILANE FLOW -

100 s5cem, TEMPERATURE - UNKNOWN, T1ME 2 M]N.

Nitrogen Flcw RF Power Index Thickness

_sccm) (W)

10 25 2.27 600
50 2.24 790
75 2.14 870

100 2.i 830
125 1.93 1050

15 23 2.28 550
50 2 2. 650

75 2 .06 645
100 2.00 960
125 1.90 1240
150 2,02 1020

""5 . 570
50 2.17 7,00
71 2.06 72U

100 1.,92 1007
125 1.97 1 (100
150 1.95 1000
175 2.02 935

44 25 2.28 600

50 2.L4 17
75 2,08 6W)

100 1 .9')5 74 X
121 1 .92 8,0)

Mal---= - -.- _ -J.,=- - _- ~ -.-. ~- ~ --



TABLE 2

RESULTS OF VARIATIONS IN TEMPEiu TTURE AND RF POWER UPON PED NI'TRIIII, A-
ALL OTHER PARAIIETERS BEING HELD CONSTANT. SIIANE FLOW - 100 scom,

NITROGEN - 22 sccm, TIME - 2 M~T:.

Temperature RF Power index Thickness
( 0 c ) ( w ) _.__ _

100 25 2.05 600
75 1.97 685

125 1.90 800

150 25 2.13 480
75 2.09 630

125 1 .95 920)

200 25 2.16 5!u
75 2.16 550 -±

125 1 .9,2 9l65

250 25 2.33 53n
7 5 2 . "3 o O U

125 2. 04 1 00(_

300 75 2.13 625
125 2.u2 675

350 75 2.25 805
125 1.99 920

l!



TABLE 3

RESULTS OF VARIATIONS IN TEMPFRAIURE AND SILANE FLOW RA''TE UPON

pED NITRIDE, ALL OTHER PAR•METERS BEING HELD CONSIANT. NITROULN

FlOW - 22 scom, RE POWER - 1) WATTS, TIME - 5 MILN. 4>

Tremperature Si lane Flow* Index ''ickness
(°C) (sccm) (A)

155 44 1.91 725

48 2,00 710

52 2.10 680

210 42 1.86 815
48 2.02 755

54 2.02 650

255 39 1.90 84''

-3 2.01 865

48 2.08 720

* Flw Rates are for the Mixture of 2% Silane in Ar.

TABLE 4

RESULTS OF VARIATION IN RF POWER AND TIME UPON PED NITRIDE, ALL

OTHER PARAMETERS BEING HELD CONSTANT. SILANE FLOW - 16 sccm,

NITROGEN FLOW -- 22 sccTn, TEMPERITURE - 3000C.

RE Power Time Index Thickness(W) (rai ) (.__) ___(-_)

20 2.5 2 .01 100I

5 2.07 330

25 2.5 1.98 180

5 2.05 360

7.5 2.08 600

30 2.5 1.83 200
5 1.97 425

10 2. 0(4 900

. . , , , • , - • • .... ,-• • T~o• I• • =I



film is sought, the tables indicate it can be produ'eC bhy s5evo',I i Ilcr iUt l;I

parameter com i nat iý,s. Th1 Cih e ic o ori.,'illit ion iý- d i C .t 1,l Cd \ i , I i.1! 1n 1

;it
re nuaL s soug~ht, A

The modifications and procedures described in the preceding discussion oti

the CVD and PED encapsulation sysLems were guided by the necessity to mini-

Tnize the surface conversiion of semi-insuln:t ing GAAýs during hi.gh-tempoi t 1

anneals. This surface conversion results in the formation of a conducti'Ve

skin on thie saimple surface. The skin formation is :i 1u,,t i.n of bothi kp An.

inaterial. With identical caps, different substrrates convert diilicrunti i- j1

vice-versa, which made the task of establisihing a vitibOe eail. io- s em,

doublV difficult. After processing, if clectri,, :li,:,.trra,.s ii,-.,t•,

sample conversion, it was not immediately clear whether thU c:au,' .,m tLhc

substrate, the cap, or some combination oF both. Many dif ferent deposit ion

parameters, operating procedures, and substrate materialS were investigtc d

in the effort to eliminate the cap as a contributor to surU 17:e conversion,,.

The success of this effort is evident by the implantat ion Mfrt-, whilch ili

be described later. A

2.3 AUTOA\ITED HIALL-EFFECT/ SHEET-RE. IST I VITY MEASUREENT .'YSIEIv

HOl-e f fect and sheet-resist iv ity measurement.s orm al impor tant L ,it r t l !:t.

cliaracterization study of both ion-implanted and undoped sumicoadndt- Lors.

Important information obtained by the electricai measurementis include t.on-

ductivity type, sheet resistivity, sh.leet-Iall cOWefficient, shect-k ,rrier

concentration, Halli mobility, dopant prol ile, diflusil tciefl icitvL , oow-

p~ni.oatiilng level, ionliza/ti)fl energy, And -ffet i- c d(vnsit -,I-ol ,,it, , qil,.

23I
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Single Hlall-effect measurements generally are easy to carry out manuolly.

However, a iomputer-control led system becomes very useful when the process

must be repeated many times and sophisticated data must be analyzed in the

measurement process, such as occurs when measuring electrical dopant profiles

and investigating temperature dependences. A block diagram of the IuLomated

Hall-measurement system, which was established by SRL duiing the present

contracLuda1 period, is shown in Fig. 8. All equipment identifications inl

this figure are given in Table 5. Current control is iffected bv setting i

range and percentage ot range, in a c•'Lntant curvent source, through the

current cOnirol board and a D-A converter, respectivelv. !lie seveCn possibIe
.7 -

ranges in the K725 current source are 10 , _ 16 ... 10-1 A, and tie D-A CLn-

verter allows choices within a given range fron 0.1 to 99.91, in 0.1 in-

cr Ment.L Thus, currentst are available from 0.1 tLo 99.9 mA. Current is rc.d

by means nI the digitai-electrometer interlace, in conjuncLIonV WIt.a tile

digital-electrometer control board. These latter instroments also alliow

c,,nLol. of Lhe various digiLai-electro0MCter f-unLctions.

LaCli Vol.tc Lzc con1LCL is inturf.ocd wiLh i.' vl ectkr,.ltaLcr and operaLCd "n ,

unitv-g'ain amplifier. To minimize tle effective cabi. ap.mlitaoce.i--;,d toi,

avoid lonng response times--the inner shie!d of tile triaxiii cable iN con;-

necked to the unity-gain output of the eleýtro,;eter. The plnrtui:ar ,,t,

.- rr.ng'emen! hOwl-l in Fig. b is the sLand.|id van der i'auW calf is'.urIt 'on.

Thue %'tage is rad yv a K690)0 digital Mulo imeter, with Mb t,,.atput. I ht.

Model 55 teneral-i'ut pose InLerif cc Bus t(P'IB) provijcKs an iteI' l at' I ti ll i'-1

et.Wen th~e hVM aInd tLm. bus cý,l riing * tlie' iiEi . t.id.d -',.'.
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TABLE 5

EQUIPMENT IDENTI.FICATION OF AUTObM'ED C ALL-EFFECT / StI--RSI ST VI TY
NEASUR:IENT SYSTEM. (ABBREVIATIONS: K KEITHLEY; DEC- DICITAL

EQUIPMENT CORP. ; H-P - HEWLE'l-PACKARD).

Equipment Designation Mfg. and 'Model No.

EL1EC. (Electrometer) K61OCR

DIGITAL EI.EC. K616

DIG. ELEC. INTERFACE K6162-

DIG. ELEC. CONTROL BOARD K7901-616- (in K790

mainframe) L

CURRENI SOURCE K725

CURRENT CONTROL BOARD K7901-725 (in V790

ma iin f rme)

D-A CONW. (D-A converter) Kepco SNR 488-4

DVM (A-D CONV.) K6900 Digital Multimeter

GPIB INTERFACE K55

COMPUTER DEC PDPII-03 (witlh IEEE-
488 liO bus)

lLOPPY DISK MEMORY DEC ItXVI I

I.`() TERM. (1."0 Terminal) DEC IA-36

PLOTTER t1-P 9872A

ii
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For the van der Pauw configuration, four Contacts are placed oin thc peripherv

of tihe sample. Current is passed between two ot thie Contacts (Lhe two

electrometers are by-passed for this current mode), and the vUoltage dii -

ference between the other two is read. The current and Viltage Ltrnrinal , ircu

then switched between other pairs of contacts, and the process is repeated.

Discussion of the van der Pauw method and relevant caiculational equations 4

are given in Section 3 of this report,

Tile central processing unit (computer) for the system is a 1'PIl-03 with I
software to control the IEEE-488 i/O bus. In general, programs hive been

written in the FORTRAN IV language because of its wide-spread use, and one of

the programs is attached as an example (see Appendix D). The peripherals

include a DEC LA36 terminal, a RXV11 dual floppy-disk ystem, aind a' I{Pg. 72

fuur-pen plotter. The results of meas-irements are calculated irnmediatel\.

after data are taken. An advantage of the computer is its calculationa] 14
accuracy, which reduces the frequency of mistakes. ]

A
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I

Section 3

ELECTRICAL PROPERTIES OF ION-IHPLANTED GaAs A

3.1 SAMPLE PREPARATION

The substrate materials used, unless specified otherwise, were <100>-

oriented semi-insulating Cr-doped GaAs single crystals obtained from Crystal

Specialties, Inc. Prior to implantation, the samples were carefully cleaned

with 10% acquasol, de-ionized water, trichloroethylene, acetone, and methanol

and then dried with nitrogen gas. They were subsequently free-etched with

an Ii SO :30'ý HoO:120 solution in a 3:1:1 ratio by volume for 90 sec.
4V 2 2

Implantation was carried out at an energy of 120 keV to various ion ,JoseS It

room temperature. The incident ion beam from a hot-cathode source was

directed 7' off the <100> crystal axis to minimize ion-channeiing effects. V

After implantation, the samples were carefully cleaned again and thunie

encapsulated with Si3N4 caps either by a chemical-vapor-deposition (CVD) or

ain rf plasma-enhanced-deposition (PED) system. The sample-; were ilthen

annealed in flowing hydrogen gas for 15 min. at various ainealing te',,-

peratures. After dissoliution of the encapsulant in 48% hydrofluoric acid

for abcut 3 min., an ultrasonic iron was used Lo wake electrical indium

contactl.; on the four corners of the square-shi-ped (typica llVy 0.5 .5 :m)

implidated surface. The contacts were then heated ki 3000 C tor 3 mi.,

uon e s .pec if f .d Lt Iierw Ise, in fl owi ng ar gin g; s. to p rodic I , hmic he1 (11 , 1V

S tItvL rf-sist ii Lv of the uniCIpl),tnuL Cr-d, 1pcd s ubstrate Cukt p,,d wi i t l i .,

and annealed at 90 0 C variied from 107 tLo 10 (

*3H

5- •



3.2 ELECTRICAL MEASUREMENTS

Hall-effect/sheet-resistivity measureienlts are made using the stand~ird van l

der Pauw technique3 and an apparatus which utilizes a guarded approach

with unity-gain electrometers to effectively reduce leakage currents and

cable capacitance which in turn dramatically reduces the time constant of

the system. A schematic diagram of the Hall-measurement system for the

van der Pauw configuration is shown in Fig. 9. From measurements of a

sample voltage V and a sample current I, the sheet resistivitvy for a

homogeneous sample is calculated using the equation

V
s €n 2 7

From measurements of a sample current I, a Hall voltage V He and a magnetic

field B, the sheet-Hall coefficient Rs is found from the equation

8 VH 3,
"lIs = 10 -IB (6:-cm /V. sec)

Then the sheet-carrier concentration N and 11aill mobil ity, :H are calculLIttLd

from the relations

N r
s elPs

and

31
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where r is the Hall-to-drift mobility ratio, which is customarily taken to

be unity.

Depth profiles of a carrier concentration N and a Hall mobility I arc

accomplished by combining a layer-removal technique with the Hall and shet.-L-

resistivity measurements. The number of carriers Ni in the ith layer and

their Hall mobility i can be obtained from the relations 4 ' 5  7

si
NIiHidi

where

i Psi (P)i+l

and

Hi
-\( 2, )i

where

In the above equatlions, (RH ) and (r ) are the sheet-Hall ot'ftl, ii-it id

H33



the sheet r;!sistivitV, respectively, which are measured after removal of the

IL1 laver with thickness diC

Successive Lhin layers of the implanted sect~ion were removed using a diluted

solution of 2SO 4:30% H0 2:H 20 in a 1:1:50 ratio by volume -it O°C. Such, an

etch produces uniform and damage-free surfaces. A typical etching rate i:i
0

"-200 /Vmin. as c:etermined by a Sloan Dektak Surface Profile Measuring Syst-,

3.3 ELEICTRICAL P'ROP'ERTIES OF ,MIg-.IMIPLANTEI) GaAs

Mca.;t.remcnts With CVI) Si N CAP

Be, Mg, Zn, and Cd are all known to be p-type dp•;nts for ;A.s. MXnv

sLudl.-, on tLh implantLaLiun of Be, Cd, and Zn into GaAs have been con-

duLc ed. However, very few eJectricil sLudius have been reported for M••-

inipliaILtd G;aAs; hence, deitails of I Li electrical 'oper• rt ls art n1oLt wel

7
kntown . 'It) Lie best. of mir kniowleJvdl;, wC pr eSntled the l irrsL puldlJsicd

ru!l ItLs ,Jf the neaL!..suremt-TnL it ci;jrr-Ur- ,oii-l L rattiLon dtptLh pr I,, , !. n .

iriplantLd GaiAs. As in Lhe case of lie, It. Is e ,ect td Lii;i the' iiiipi niit'I ;',-

,,ins; p t_ rrite nm!ore deepl)J iiiLt( thie s.- istr;ilt. for :i I,,JvL, IJ,,' (un r.vY th ,) ,I .

oilieLr hleaviur p-tylpu dopanti fo)r (,,aAs ,-lCl i1s Zn1 .1id Cd. AIi de'pt'ntd.iii' ,11

i~ir 1,-' c_,rr ,,r C'-" -'t'ii rat ,'n d !ip't lit '.' [ ip'l g•-i•'i di - o111d.il p i!- -

Ilini lnt.it ,inil ,illitiJling tenip tLr;iturt liý; i hv'en relpr lv ' pIl v fiu:,v I I . ht

otrk o ll t liii;ptrge' r, c, LI ., I i uitteuLLc d 1;1o) -i1) ,iild it-tvii- ;ijihLl,iLt . 11i (

Ui t.,d, ýilid It w., fi i ll-iiL' il t ei n e tit l iit 'I ,,':, i i ' ' te ki-k I ,,I IiA iV i it i ,-

tit 11 t.vv'd ýiL_ iln a niitivll Ln ing t ~ t i c (11 i~(400"C' I-,•I tla-c fl,- Impil j, i i L-d ,, I il~ C



and 600%C for the Be-implanted sample. In the work of Z'Islch1, et al., 9

a pyrolytic Si2 and a sputtered Si N cap and n1-Lype and semi-insulating I
substrates have been used. As in the case of Be, reverse annealing wasi

found at temperatures in the range 650 to 750*C for the Mg-implanted sample.

Also higher elFctrical activation and smaller reverse annealing were found

with the Si3 N4 cap. In most investigations, SiO2 has been widely used as an I]
10 .

annealing cap on p-type implants in GaAs. However, pyrolytic Si N c cap.

were used in the present experiment.

Imnplantatioll was carried out at all energy of 120 keV to dn)se; ranging from

12 .15 2
3 x 10 to 1 " 10 /cm at room temperature. After implantatilon, the salmplcý'

were encapSul Ated with an 1500-A laver of Si N, ;at -700'C il a pyuolvL,:
3

reactor for -45 -;cc. After Lhe Inctium colltacLs were nAde, tLhe siMpleUs were

heated at 300%C for 10 min.

The results of Hall measurements made on GaAs sampleL implanted witIl Mg to ]
ion doses ranging from 3 / 1012 to 1 y 1015/cm and Aleiled It varlku:;

temperatUrcs are shown in Figs. 10 and 11. 'I'Ii results ()I sieetý-C;irr (ler- A

con'eiltratton mneasurements for all do-ses anniia led it 80()0 C tr tiboveI agree i;i

gentral with thtose reported by lHunsperger, et ;!. , except L'r sampfos
O13/ 2

having a dose of 5 10 10 m and annlealed at 900%C, al t ivuglh t.le l preenltL

rus.ul ts ftr sampl c annealed at 700%C show a milth higher elect[rical •cti-

Vatiaji (hý a factor (? -" for the L'.O( higher-dinse sinpie,) th-in lthosev rvpirtit

1,br .1i1nialing at 7000C. ''T1e ee.trl'c;iIl a tivltv for the 5 10 13 in uL.

-;aciijl es wa.; rep i)rLed tL lnCrei-,_ turLhil aif t 'r 9(,'O( 11iii l li lt hi,iit , ti

800CC aniieI•uali1n il' the prcviaus; oi Led utrk, !bit the Adrt ucailt S;iiv: I

decrease ill v. ,LuC.

Ii
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01 3 / m2 !

It has been found that for an ion dose of > 5 x ,1  2 most of the elkc- i
trical activation occurs during pyrolytic deposition of the Si 3N\ cap which

I
wa .s arcomp) ished at -70 0°*C for -45 cec. The electriCa1- aC tiV at1ioll effici enlc y '

14 2
obtaiined was as high as 51% for samples having a dose of 3 x ab /crm after

capping only. This much activation in so short a capping time at 7800 C is I -

rather an unexpected result, even though the capping temperature iq rela- I
tively high. No p-type layers have been observed for as-implanted samples. H
Neither the shieet-carrier concenteation nor the mobility was altered during

I-

subsequent annealing up to 600%C, as indicated by the dashed luies in Fig. I0.

For samples hiving an ion (lose of 3 - 10 L"n', tLe electrical activity is :

very poor up to 80°(), and no p-txpe was observed alter capping only, but

definite p-type _o .ductivity became apparent at -. 700'C.

The annealing behavior of the sheet-carrier concentration is highly depen-

dent upon ion dose. Also, annealing temperatures of the maximum electrical-

activation efficiency increased WiLh decreasing ion, Jose. For .ýamplI-)1
, 13 ,,

having an l iag dtp era t f r 5 > h1) cm , ile eaectr ia I act it il cr sed W0i t Ii

tilncaliiig temp erature, vicldiaIg Lhc hligh!est icti 'a tiJln a t S00 Lo ,X5(1'(1'

and then decreased at 9u00 C. The electric:al-acti\'at ion C- I ic icn ics .'... ii:,i

t;ere as h Ighi as 852 for the sa~riple having a dose 01 1 1• /ncm a'areu:l cd I

14 2

80 0*C. 1.,r samples hiving in ion dose t P 3 1 ,cr , the c.cctric,

ac t ivity decreased with increasing annenal tempera ture abiwv 7 j()0 (:, wiil,',

similar to Lth heiaivior reported cv n, I , et il .ille dcreas ii sheet: - 9-

c;irricr concuntration of _11 samples ifter ainneajing at 9HO)e( ,i:id m5.•lf ,[,liii

tlc, ri'ise il1 Ql tk- trial a,:t ivity .. t l iiwre sitn:-;ii i'h l Itn' iL''.iki:t

d(!, s o 1'') call b)e c(•il, idCrt-d t- h c' iustd iiv ', t ,iil iLi, I

Slie, ione Ii ogi] teLmipe irature which pro,,u ct s maxinum, c l', tria l . v. I ' r I



of > 3 x 1 2 (with pyrolytic Si 3 N, cap) could not be determined. The AA

annealing behavior of the carrier mobility indicates that lattice damage

caused by ion bombardment is reduced appreciably during capping and that the

mobilities increase further with the annealing temperature for all samples.

The Hall mobility, as expected, decreases with increasing fluence.

Depth profiles of hole concentrations, Hall mobilities, and compensation

ratios for samples implanted to an ion dose of 3 1 /cmm- and annealed at

various temperatures are show-n in Fig. 12. These curves have heciL found to

be reproducible through measurements on severa! samples. !lhe Iindhard-

11
Scharff-Schiott (LSS) range-statistics theory predict-- thaL peak co0n-

centracions occur ai. -0.124 -0m for an inn energy of 120 keV. The I..SS nra-

file for a fluence of 3 104cm is also show,'n in Fig. 12 for comparison.

The depLh profiles of the hole-concentration data show the redistritmution o

implanted Mg impurities extending to roughlyv twice the proiected range oa

the LSS theorv. Furthermore, it clearly can be seen thtiL the dop,ntL pr,-

files are highly dependent upon annealing tempeirature. The large-t pcak

19 2
concentration of 1 10 ,1cm was found for the sample measured al tc-r c,,yiml ;

only. However, after subsequent annealing, the peak concOntrat i,.l w\tS Oluii.l

to decrease. Also, the position of the concentration peak sh iiL t; toaward hl:o'

inside of the sample. It is interesting to n.-te that tihe dopalit proi i'c o1!

tile sample annealed at 600'C agrees very clovsel with tlhat f thic 5111: 1il

measured a;fter capping only. This imdjc;)et s tait t ie (6ht C , ! IriIni1

alter the electrical depth profile (,r the tolei1 e colcnor.!t ,!h ",,

sa:npi C measured after capping aol's, is iLrUAd'.. piltd Ot.

3'.



'flhe change in the peak-concentration magnitude and position is a co4mpl icatedL

problem, but it can be explained bv indiffusion and outo3I fu-i ion of the

implanted Mg ions. For the case of the 700'C annea3., the dupa.ti profile

extends deep into tLhe implantationl damage-free regioni. Silce tie ,ta;l

number of hoi concentratiuna with the 700'C anneal is about the sd,.Las O

that with capping only, it appears diat there is very little, if amn',

eutdiffulion of the implanted Mg after the 700*C anneal; mostly indiffusion

is taking place. For Lhe case of the 8000 C anneoal, it clearly ben he :-ceuii

from Fig. 12 that both indiffusiun and outdiffusion takU pIaice ill suhbsejue4nLt

600 0 C anncil::. '[heret ore, the total number of hole convcent rat h1-1 S lCI

reduced aomewhat from the value with !capping only. For the ca.se of the

900 0 C amneal, both indiffusioii and outdif fusion take place more dramti t .i1 I%

ihence, the pusition of the peak concentration shift.- toward tlhU inside. ,I-

thIe sample; also, tie electricaL-aýLLivaii,,to - ffcicn,'." dropL .i!!,rr, .,:1

showna in Fig. 10.

Since thie measur'd Hall mobilitV illn the range of BI) - 250 cml/V. sec.

ioniitd--impuritv scattering must he an imp,,rtant effect . 'lIhereI oru, tLh

degree of electrical compensation has been analy '/d us•,ing thie Br1ok.L,-
1'2

Herriig formula for ionized-impurity scattering,

2 1.5 T 3/ Fn•: (cm2.tV ;ec) = 3. 29 / 101 in (I + Z
LIn (1 4 ') - 1_--- M

where Z = 1.-9 -10 (-) , is tUlu ioiized-imputrLty. fhl Jil
p -3

cm•./V. ec, N 1- the total Jmiiz'd-imlltiriLy eimciitr;ýt ,, ii 4! , 1

the albstilute' Lemperature, L is tOeL relative dieleCtri( clli.thllt (;= 12.91

(Cor GaAs i t i i c 1 r t: lectr i lI,-•U ii gillil., ]m W .' Ii- tlci

C,))



effective mass in grars = 0.5 was taken for a hole in GaAs), and p is

the measured carrier concent;ation. In this analysis, it is assumed that

only lattice and ionized-impurity scattering are important. Then the

ionized-impurity scaLtering mobility ( can be expressed as

1 1 1

K ~LI

where is the measured mobility in each stripped lay'r, the I- is the

lattice-scatLering mobility. The value of uL has been chiosen as 450 cm/V. ec

for the presunt anailyý;i.,. From the computed value of :,, tile value of

N has been calculated in each stripped layer. Furthermore, Lhe donor
I

concentration (N ) and a,_ceptor concentration (N ) hvne bhfn determi:ied from

tile relations

Ni = p + 2ND and P = N - ND'

The r;.:io of donor-to-acceptor concentration is defined as K = D IN A' which

represents the degree of compensation.

Mobility profiles are also shown in Figs. 12 and 13. Except for tlhe 900 0 C

annealing case, the hole mobility is, in general, initially higher near the

surfacc, gradually decreases to the region of the maximum hole ccn1centratLin,

and then increases with the decrease in hole concentration. ihe reduction

of hole mobility near the peak ho l.e concentration can he explained by hole

scattering which is caused by the greater number ,f ionized impurities near

the peak hole concentration. (An illustration of the ionized-impurity

41
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concentration is given in Fig. 14, and a detailed discussion will be given

later). However, the mobility profile of the sample annealed at 90 0'C is.

quite different from the others. IL can be seen that the hole mobility

decreases sharply near the surface from the bulk value of rnihilitv wiiich is

about 200 cm /V'sec. This indicates that another scattering mechani.sm

exists in this sample in addition to tie two dominant -catterings, i.e,,

lattice and ionized-impurity scatterings. This scattering may be due to

lattice defects such as dislocat.ions and precipitates present at or ncar [lic

surface region.

Figure 13 shows the depth profiles cf hole concentrations, Hall mnbiiitie. ,

and compensation ratios for samples implanted to various ion doses and

anuailed at 800C. Theoretical difffusion profile curves are albo deplitcd

in dashed lines for the two lower-dose sanples. The LSS profil.e for a

fluece f 3 1014/ 2fluence of 3 1 O1cm is shown for comparison purpIoses. The depth profiltes

of the hole-co. centratiun data show that the implanted Mg impurities artc

redistributed from the criginal implant for all doses and also that the

dopanit profiles are highly dependent upon dose. The posit ion: )I the p)CkA

hole concentration for a dose of Ž 5 -10 1 n( occurs at a1 Ilightlv di/-

ferent position from that predicted by the LSS theory, and this is not

13,dependent upon dose. On the other hand, the peak position of a I - D 1)

dose agrees with that of LSS theory. The shift in peak-concentration pu,.s ii,,

is believed to be due to indiffuston and outdiltusion as explained earlier,

Further diffusion analvysis has been performed using the equattion 13

4 -4
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1(x ,t) = , (1)P .• 7 (T + 4D2__ 2- + 4Dt)

2op
pP

where n (x ,t) is the carrier concentration (i/cm3 ) at a given depth (x)p p [

and anneal time (t), € is an implanted-ion dose (I/cm4 ), o is tile standard

deviation, R is the projected range, and 1) is the diffusion coefficient. As-.

shown in Fig. 13, the depth profiles of the two lower-dose samp]l s rough1ly

fol low tie theoretical diffu.sion profiles with Values of 3.2 ' 1013 and
.5 1014 c 2 ,s fo10ssof5 i 1 3  -• ~ 13/c2i

8.5 1Cm 2.sec for doses of 5 - :m- and 1 o" 0 1 , respeti\'elv.

lheuse values are about the same order of maYw!itUde as th0ose found bv Z•k] h, i•

) 1.3 2
_t ,11. For a dose of 5 , .cm it appLears that most :. i s':,s Ile "ii r

surface have disappeared by ouLdiffusion. Hlowever, for a dose of I - 1k0. cti ý, -

it appears that most Mg ions remain withi,. the sample after diffu:;ion , Cx! I ii-

141 2it ing some build-up of lig near the surface. Tor ;I dose _ 3 s4 CID L h,

compi icatud ind if fusion and outdj f fus ion of Mg makes it dif f ioult to dnal',:'c

the depth proffiles quantitatively b% means )I thL- simple Ganvsiin di 1;

eq(ILt ion L, . However, it is int,-orL-.Lting to nte .hat LIlL depth. de rl i I L, ,)l

1 10. ,cm dose follows ',erv O lhit t ol :i 3 10 .,m dose. ihi

(ImpI)ris n ol- the two depth profiles indicates thIaLt the dif i1' i:, m,,0

severe for higher doses.;.

Figure 14 shOWS thie depth proliles at . , , a. i-eptar, , i)r, h,,id it iei)I

I, -
irl~ar.I. oi icet-ILratiloll,, or Litic j!) 1 )i.i~, kl a l I 1O 1'. :;1-

|i~l:'l tI d i!L 8i)(11C. A\ls' shown ire tl, allplldlt 1n 1. i , iinipl il v--1 .i I ii,

Fiid Wiii h -mobil itv depth prof iles. Similar I.u' ve, 1:VL \' ye ,'jl i 'Ut.ii:t b ,, I ' 1

I

- .- :
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other profiled samples when two scattering (lattice and ionized-impurity1

scattering) mechanisms are assumed. In general, the compensation ratio

ranges from 0.5 to 0.8 for all samples profiled as shown in Figs. 12 and 13, 4.
as expected from the implanted samples. Since (as shown in Figs. 10 and 11)

the electrical activaticn is generally high (as much as 85% for the .,ample

having a dose of 1 13 /cm2 and annealed ot 800'C) and no other significant

acceptors have been found in the substrates after annealing at 800 or 900 0 C,

it is evident that the acceptors in the implanted layer are mainly due -o 4
implanted Mg ions.

The compensation level of 0.5 - 0.8 indicates that a considerable number of

compensating donors are present in tile implanted laver. ;ss)-spectrosc-opic

analvsis. of the Cr-doped substrate showed the probable donor (mainly , i)

lb, 3
concentration to be equal to or less Lhau 3 - 10 L':i . Een ;agl li L3

silicon ions act as donors, it is difficult to expl ain thei totaL nuiiher ,f1

donors observed in the implanted and annealed ] avers. ThIcrewore, it is

suspccLud that tie compens tL.iog donors m:ay' he o' LXuL type} , i .,, (14)00',

present originally in the subs.•tat•e itself and ,additionall donors it,rmI'dCj

during tLhe annualilg process. If these doaors originaLe from Lth 1nhic1C.ti)r.

process (for example, SiIN4 cap or heat trealatme n t), thi nuiomer I dlr• )f.onor

hu the s5ime: for all sampies capped and A1n111 le1 d I L tilt- L i ' h;. .1V;1 , - r

tlli i.- lnot the case, and it hlls been found that t•he donor iiiuicentrtlti

varieO s i•nigfo i I nt I froif AnmipTI to' sLiml l V, dependdiM , uiljin theL impl t I aM d 1,4"

-c, . "Iherelf rcv, it ,iui he c,, lk l dcid thii mu.ý,- addition l ,, ,il rc t:! Mir

illtriwsi, lhlitire. Sinc,'e 1 11)M t ),ll] t.Up .': s (:,i -ii[L5 .Ill . ti; I H-, li]4 V.1t1iii-

CIC, iCs 11c be CIxpcted Lo form. Therefore, As vacanc i CTcn he th1iigiit (o1

; I).14 ' t it, sour4ct: ot donorli prueent inl m- .! a~lt(d ] 0 .0 .

"* I



Heasurements With PED Cap

Eic'ctr icll studies described above were carried out with a pyrol \'tiýc ';i N,-z34

cap as a protective dielectric layer. It was pointed out that ior i0n doses

of 5 10 1/cmn2 , most of the electrical activation occurrcd during pvro-1

lytic deposition of the Si 3 N4 cap, which was carried out at --700"C for P
-45 sec. Neither the sheet-carrier concentrations nor the mobilities were

altered appreciably during subsequent annealing up to 7UU0 C. T'ieriforr, tLk

anne;l1 1ing beihavior of Mg-im rplants in GaAs at lo•er tlemperature (below -700'C)

could not be observed. In the following: work,1 a L hrOUgh sLud, ol Lhv

electrical properties of Mg implants iii CaAs has been carried out with -i If

plasma-deposited Si N cap. Stir faU-are r h Len meaured

at a temperature as low as bU 0 °C for a wide range of implanted doses.

!mplantation was carried out at an energy of 120 keV to doses ranging from

1 1 o 013 to 3 / 1015'cm 2 at room temperature. After impillatatiLon, the0
samples were encapsulated on both sides oi the samples wit! an --70U-A 1a\yrc

of SiN4 which was rf--pla~m;i deposited at 220 0 C for 10 m .in Un imp'i ,ntcd

Cr-doped substrates capped with plasma-deposited Si.N Ind annc;l1 ed ,t S, C)

for 15 min. exhibited a sheet of reslsLivity of -10'/ :/O.

T h e r e :,u l t S O f l a - .f e t h e - r i t v t v m e ;isqu r e entCsL ; im ad e o n {; .A1 '3
saniple:s Implanted with Mg iotis to (lo.ses ranging from I , 101 t., 3 •jt A5'u,[

and annealed ait temperaLture-; ranging from 600 L(, )500(" ,Irr,.0!owil Ill I')..

SDetai led annea Ling behavior ot the sheet-carrier co, centr:i t I,,ins Iel.irlIv

re vealIed Lhit L thC eL eLecr ical a ctLiwat ion inc reas ed mo lknLot nica 11Vy wit i, d ti l inE

temperature up to 750 'C and the maximum electr lcait act Iv.itt Io ccurred a L

467 I
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750%C for ali except the lowest dose of I x 10l/cm for which the maximum

activation occurred at 800%C. The maximum activation efficiency obtained was

as high as 85% for the sample implanted to a dose of 3 x 10 3/cm2 and annealed

aL 750'C. The electrical activation then decreased monotonically with

increasing annealing temperature possibly due to outdiffusion of Mg, which

will be discussed later. The annealing behavior of the sheet-carrier con-

cencrat ion gencrally agreed well with the 3hcve result obtained at an anneal-

ing temperature of 700'C or above. However, our results shoLwed SigniticantLv

iglher eletric-il1 activation (as high as one order of magnitude) for tne

saimples annealed at 700'C or below than that reported bv Hunspurg!r, ct ýl.I

and also generally much higher activation (by a factor o Q2) for the samples
9renc led ,it al' temperatures than that reported by ZoIli, et al. In our

work furLher stud' has been made of the annealing behavior of hg imp ain, > in

GaAs with difterent annealing times but at tie same annealing tcmperatu.e of

750C. Significant electrical activation was achieved after annealing the

samples for a short time. The electricaL-activa tion iffic icncv I,: i d ',. i nc .

as liigi a.s 53. for the sample implanted to a do-se of I I0 c 2 a! er

anncaling for only 2 min. at 750%C. The activatiLM inwreiascd fQr~ijwr Wit

,nnealing time and 82% activation was obtained after annua ingc for 3d :iiiat

* M0 °C.

Pie anneal]ing b)iUihcVii ,,f c.rricr mbilitics i;:dicates toL ittit' d., it

.£,:tn.•I-u b ' i:. bomb;irdment ii. rcdu. d 'h!re jaile cvoli .t .:i :tm.c.i,

pu r.iturC 0! iO)00 C And tlhat I m~hilitie' in-rtist .itl: ,liloeili i.. l l iltm.l- t.

lor tL;b hiighlitr ion-do:e siipi-s



Electrical depth profiles of hole concentrations and Hall mobilities for

saiples implanted to various ion doses and annealed at 750*C are stiowin in

Fig. 16. In the profile measurements, an annealing temperature ot 75 0 °C was

chosen specifically because the maximum electrical activation occurred It

14,
this temperature. The theoretical LSS profile for an ion dose of I - ,0 4icm2

is also shown in this figure for comparison purposes. It clcaylv can he seen

from the figure that the depth profiles of the hole concentrations are highly

dependent upon dose. Furthermore, the dopant-profile data show i sig I ifi lat

redistribution of Mg ions for the samples having an ion dose of I x 14 cm

or ahbove.

The changes in the poSition of the peak concentration and raigaii tude rup!resuua

cimp i,:ated problems. In general, the protile peakn occur it taree dil croa-
positions-one at the LSS peak position, one near the sUrfface, aind tLh otl-hr

'3;at the inner side of the sample. For an ion dose of 3 10.' o h i '

the carrier concentration is high near the surface, with tihe peak p,, ition

-0.08 'iM. Moest Mg ions remain in the implanted regit~n tor these Iol...e - dInc.-.

14,r a dose: oL 1 1 .c L , tue peak 1onContration ,c,'Urs ii t ho 1) ItIll

predicted by LSS thoe.rv. The protile initiaIl1- I I C1 . clos] o t2 e tI:VcL rc Y I..

curve neair the surlace, then bccom,-es considerably flat in :xL.t til j!p I , ;,t-

ed region, and shows a long tail indical irg igi ificiant indi!i us ion t i

dose.

14
1hr doie., of 3 10' cT. or above, tLhe doio1 Vlllt pr., I~ is'O Ili

: ., t d , ad L t . d i i (L ,t -:i r r i u r - ( ,;It t a t r atL 1 ., .iik t: n -' l '1 r' ' , " .!' '

lir tv, e I :! lrf:I (0,()5 iM) ,and the othecr .it tLhc de.per v •- id 1 ,- >L ik

- .18 ltm). The double peaks occurred nearl I t t 'i 0 ame pan iIt i • a "r It,,

V_ _ _
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three higher doses; also the profile tails are nearly indepenc.den t of dose.

These double peaks begin to appear at a dose of I - 10 c ID . ,d /c. peakd.

are more pronounced as the dose level increases. The carrier ncinen tration1

at the first peak position is smaller than that at the second peak position
r

4  ]
for a dose of 3 ý 10 .4om2; the double peaks are mu-chi clearer for a dost-I t,

15 ?
1 >- 10 1/cm; and finally the concentration at the first peak becomes muci;

15, 2
grcater than that at the second peak for a dose of 3 10 . c. I'k mrx muLl;

19 3 (5
carrier concentration obtained wis 2 s 10 jn for a. dose of 3 10 .M

Moreover, a local minimum rather than a maximum has been produced at tie W.MS

peak po'sition. it can be speculated Lhat the h oca I inhi n r ii:inu:e .s rV'c d Lc-tr t'L,,

LSS peak position for these higher doses mvay be due to the Cr redis'ri but it'l

and/ir the impiantacion damage remaining at this reiativI,.-l " Anpe•t.iin.:

temperature. Preliminarv data of SIMS analyxsis Khows that a significant

red istributlion of Cr occurs in the implanted regionl oflter tot at-uealin; iL 75G C

for Mg ion doses : I x 10 1 /cm.

13,2
Thej 1 0'ýitlo~s loL L:h, ;oCS of 3 10 /,cm or below- are lUc! !igl:cr ti.r, t i;.l--

out the implanLed region than the mobil ities for t i ihigh e i r d.e., e., 1.1!.t ia : L .-

finally decrease near the substrate region. The mobilities for doose, o

,14 , '
3 10 1 /cm2 also exhibit more complicated structurcs tihnnt•ith for t hc

lower doses, which exhibit mobility peaks and valle'ys. Thu mnhiliticts ar,c

2
goa-ne v I Ilower (-100 cm /2'Vsec) throughout mc:;" o!f the i-pl a; te'd re.gion,

e •cept well inside tile salmple, .iiere t11' inr-e so i I, to1::ai•; '. "ii.T I:-.

values cf mobility may be due to the remaining ilapilt iovni• C n.: t I- X-t:i] .,

In tile electrically ilacLtiVtaed !1g ins (dactiva•tiwn oil Ni icn% h Ah. I or-i

dose o)f 3 1 114 cm 2) at an annealing temperature of 75:'( , o"en t hoci, ticM

actiVaiont Is at a maximum at this temperature.

53
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DeptLh pro-iles of tie carrier concentrations and Hill I mIobilitiCs for samples
1 4 2

implanled to an ion dose of 1 - 10 clm and annealed at various temperatUores

are sict,.,i in Fig. 17. The LSS profile for a fluence of 1 x 10 14 /cm 2 is also

shown for comparison purposes. It clearly can be seen that the dopanit and

mobility profiles are highly dependent upon annealing temperature. "lie

redistribution of implanted Mg ions takes place well into the damage-free

regior. at in annealing temperature of 750Y ,r LIoVe, la'.)v1ver, the pt.si Li t.n

of thO maxiNMum carrier concentration agrees well with thal of tihe l.SS peak-

,•r h sampl us annealed at 650, ,5S-, ";,d 8 00C.

For the canc of tihe 6W5&C ainnee , it has been 1ound LihaL tLte d?,inmt prof ic

.gre•u well 'ith hue ,oporti•,Phallv rodu..nl INS profile (v a ... , Lor o. )

int most Of tile impianted region eXcept. for the deeper r-egion ncir tir c -Sub-

strate. This reduced factor of -4 is equivalent tu tLhe eLcctrical-"ctiv"t Inil

efficiency of 24Z. for this sample. This fly0 suggest tiOIt oList o• t lie ip !,I-

Led Ng ions; remAi i as implanted but tLa, L Wn ! V a!1 QUA lr. tfr , Lin 0 1 I W

inipio.,ted i.'ns hoecome act ivated at 6504C; tLure O Seeum Io hu 11, r 1ui.'tr 1 , :. i -!

M',g due to, G:utdiffusiO.. The profile A•:n indicaW te., tit.•k tiL , i.,;1 lli'eud I -:,.

,r: i;tiv%.tLd t,,nsideiably more in the deepcr Oide of the -;aimp! .At Lvii,

.vinen i ing telnpcrtour . For the Case of tile 70)00(C anne, a I h, thoe rfivc 1.-1 .-.

very -losel.v the LSS p-rof ile near the suarfa.C reg;ion,, and tlie iolik PUWtc, i.ii

J)0C k O''U1, - los to the surface, Mo, t oL t'VILL -. iL.!. r,'ni:,ii iii Lti

inipl. tlC r,.,gio , .1116 ti iv c ir . O1), c t2 i JL',c I L - ioL i l ,.Id Ait tIi:t .,,1L. Lt 1i

t -.! l r. ,Lit ir , 1..iiit Is in .:C !IL-.i ,L.' , , Llit, rLt- 'litL- t' ii u nIjp•n .L-.' I] ! ,

I. I . i ; illLerv'S ino k ', - t i.. t t ze' c rr Or 10 , eii t. ,,J i ,;:, i i I i,, It l

r e icn, arc- iiiigher tLh,ý; tLh•oe f to,< s ple... .UieLlud ., 7uIU":. I, i., .

af t:L: 75' C ! anneial, tile profile initial lv foUi .",.'s ti ti corct ,il eUl',',
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cl.osul\'; then it is nearly flat in tile implanted region, and it exhibits I
significant indiffusion into the bulk Of LlIc sihpie. For the C:ASL , tile

8I)00 C anmeal, ,i more pronounced peak las been observed along with a long I

i ndifuSluion tail. Evidently both 1OULdifl-us i.Iu and indiffusion take place at $
I •

tills anneailing temperature. Tile variations in profiles for the 7uO, 750U, and

8UJ00C anneals cannot be adequately explained at present. However, simil nr

hehavior a:ns observed ili the above measurement witil (CVD taps. For thlL ccs-

,, tle 6350i)° ai:mal~ , the pro~file is verv flat, extend ing very deep] v into t lt

sample. Ihis and the sharp drop in electrical activatioll cffi cie:,v ind.icste

LIl )t b :1t1 ')[1 L iffl-, ion and indiffusion ar-. very. lg-i t i c L a. F, L t hiL I It;: ' iiT • L

tCm;leratufe. =

in guch r,. , t-,e mOb )i It v vaL ues are :ig:ir near LtiL -,ur Iit-e, dcc ruso, grad-

' with ilcreais-i;g .art'ieL c,,ncentrration, and then increuse gradual",

tltil Lhiv decrease again neair the silbstrate region at all Lme1al ing teLf-

peratures except 850 0 C. For the case, of tiLe 850%C annleli1, the mobil it

prof ie is quite different from the 11. es. inc h Il moiji It is rMLI- -I,,...Ler

nea.tr the surice thlhn ta•e buK value Oft mobility ( 201 0r ..V.sec) n; d I , is

may he due to lat c tice defects sut 11 as dislo].A tions :and 1)t prec ipi t(,ite.s ',,iJ-I,

re-u lt ! rorl anne;aling at high temperature.

I)epti pr,,f i le.; of hole concentrattions and moi)ii Lties for Sanlýa es infpl:)lol t( ,

15 2
1lu lAI dJ.'.LV of 3 1 and annealed at 750'C f,,r di Iff reLit ' iil elllll1/] 111.n

t ime-, ore sbo',,n in ::ig. 18. ThiL doJble-peak structure ..er oscrved f r ',i.

ttirlc .,ll'll'ilJ iiy tileC, illd tLliu profiles wert,_ Jo'and tko bc hi -hl dcJe cldcwt

Upoll ,1111*1 ,ing Lime. It is intLrestinlg tO notC til•tL t :ie profile ol, 1 a 15-

mill. ann1edal iks quite different lhan that of i 2-min. :IIn :l I] thrt)uilg ll nt o,,n

50
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of the implanted region; however, the profiles closely; resemble each other at

the deeper side of the sample. On the other hand, the profile of a 30-nin.

anneal closely --esembles that of a 2-min. anneal throughout most of the

implaited region; however, the profile of a 30-min. anneal shows more indif-

fusion with it smaller secondary peak. It is also worthwhile to mention that

the electrical-activation efficiency obtained was 9.2, 9.4, and 10.0% for 2-

15- and 30-mim. anneals, respectivcly,. This indicateS that mo.t of the

eiuctrical activartion occurs even [ifLer annealing for only 2 Mill. and Llat

thc acLivation doez, not increase ;ignificantlv as the annealing time in-

Measurements With La.er ,rineailing

Thui. far, only thermal annealing has been discussed as a method to re.:.,.

implant a ion damage and to activate the implint s in GaAs. ,i a] t ornot i%,Ly

mothod , !aser annealing, has recentl I Y received a great dti! ,L it tent io, in

tLI k!udv of i,ja-imiplailted materials. WitL th is methoid, anneal ing ca,1 h1

;lChiuvcvd in i localized areu, witi:ionLt nc:p.-uiants wi'.hin a vert. :nort ic.

M,-,t of tie work on ]laser iniieiliing sc jiar a-is been no, on ,in ol tn0l.,

.s,: iond oLtor sulc h ia; . ;and meiii.' .uccessfii! re!.ul s Llivt' bt..n r-t- p,,'.1

I icoiltLralst , thle' la-sur an11e.l1 inig mi-tLihod is HO no'. loon vVr'. sul-, It Lil J ., u.,.

J 7!1" i ,n- i ll Ct d (",A:;, And ;[ a. f1 - .' :;2c,;u :;! u reuoi t !. ',L i, .. ,-,.. I. Iv

r''i-p I d. l'rWs.m:il] , it, 1..;tl -,e' :Li dii .i:ii A. k.w - H it - i !h ,'

*,.r Lii .* ,~n s,'tiiid s;cri.i'iic{ldi,.-Lr- i i! I ,- [ i t an V I~ o1 'iiti .. ' I •t•I, ,lid , ,
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carried out using a Q-switched ruby laser of 24-,.sec pulse duration and

2
energy densities ranging from 0.1 to 0.78 J/cm- per pulse. The irradiated j

area was -4 mm in diam.

The results of sheet-resistivity measurements as a function oa laser energy

are given in Fig. 19 which shows clearly a threshold energy density of

-0.3 J/cm above which the sheet resistivity decreases dramatically. The

resistivitv decreases further with increasing laser energy alLhough the

condition of the sample surface is gradually degrading. Even though the

resistivity of Mg-implanted (aAsF is reduced significantlyv above the t-rehold

energy, mobilities of the samples are very low (-30 CMn-V.*stc) cmijn.xred to

9

the values obtained from the thermally inneo.led samples (-150 c(r- 'V. Ve)

A typical activation efficiency obtained was about 30•" for the laser energy

densities above the threshold energy.

3. ELECTRICAL PROPERTIElS OF Ge-IMPLANITED (,I\s

Ge Single Imp lauLation

Germanium, Jike Si and Sn, is know-, to he In ;TIpuotcri dopolW i: ;i.A.:. I

has been widely used as a dopant in Cpitaxinl Lav,.IS of ta,\s , mnd the Lv.lao

of el:otricol cductivity ;cems to depend upii L~it-rystl- wl L SLi.,Ii ;,.

.lr-ilI,).•e c )j~it: ixIa 1. (VI)E) grown (;G,-dkh )('d -iAs Ni l .d ,,, n-tv ' .1-

duct iv i IV, WIIL'reQs I iquid-pihisc' epitaJxil II, (IJ)E) grown ,;,- l, O (,,).\: . ii.

a )- type. 23 Moreover, ma ectliar-=c : 'l)Li,iJ ui '. I _.ow ;'-d,,:,'i (.iA; ,i I:-

ot)Lh n- mtnd C0-tv e :oIOlCLinIg Liver.-s (tciid ilu, ipon t4' :11,1L>t1 tilnlac_'-

Lure aind on LtIh ,\s, tU, (,, I Ii IX riLat ill Lin u lte lh i Jicl il- .Iidlý.. a.' 1l.1-, i)a'th'

-- " " . : • - "+ ,.-•(,) .<,•ml I• [[ •o-a
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used in producing ohmic contacts to n-Ltpe GaAs and has also heen ut ilized

26
ii tic fabric ation of pin juncLions hy molecular beam epitaxy. H owee r,

very few studies on the electrical properties of Ge-implanted Ga,\s have been.1' 4
reported. To the best of our knowledge, we presented' the first pun'iishI-d

results cv)ncerning the amphoteric behavior in the electrical activity el Ge-

2l8
implaInted GaAs. Previously, Surridge and Sealy reported n-type aCtiViLt ot

Ge-iimplants for dosen ranging trom I 10O3 1 1015 m 2 iisig iluniiin

caps and semi-imsuiating epitaxial GaAs (n-Lpe WiLLh n 10 lcm ).

The implantation ,.,as carried out at in energy of 120 keV "'ith dose. rmg , -

from 5 > 10' to 3 - 10 /erm at room temperature in semi-insuatitg Cr-doped

10 3
(aAs. I.PE-grnow undo, peda n-type (n - 10 Ci ) (a:As, ;nd Vl'.-gro oj' iiped

15 3
-tIypC (n I0 o cm ) (aAs. After iimlant.ition, the Sal',)ics w.e..re eLiej-

sulated with a 1000-A laver O f Si N, deposited pyrotyticatlvi at 7UtYl-. i, hL
3 -

Si N f ilins adhered well during annealing, ex, ept at 9500 C, where a Iet, pinl
-3 4

hole, appeared for the two highest doses.

TIhe electri-al behzivior of (;e implanto in :enii-in.niati.g Cr-duped :,A\. i

ver,2 c ompiic:ated, proiducing both p- and n1--.\pe L ativitL' dependi ngl, up Iii h

t. ion C •11 dO-' allnd!•L' t lhlllea e l illg teinperature. F,,r d oses t2 or hel.w L W0
*:!

cm, the implanted layer iS I)-t ype at Zillllualllng temperatures tp Lu, 9 5(1°C. .

Fkoi dw,,,u !.ý Or abov 1 0 15'. /e1m , he jtnj:atel lacer is i- it it

a l iill'S[ L ni), r'ý ,Ltires-. For anl iom dose of 3 - 10' 2 i vtr i

t-tcursi froir p to in h .teii 900 and -5)(. ;mlidi Oel iivjior i-, i-i -11 iid It

the i-typc act, ivity ILor all d ss re o,)rted 1. ,,urridge .id -l

unliku thIat ol impla1Lnted i I icon, 2 witilii pr,,d - lv L C4-tI, i- aitic L iS i

1l is LJse-depen1dnt ampli'tric IClid\'ior hi ,iLJ , , j !tei l i :i -,r d ill a, , lit. r

(,l
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substrates (LPE and VPE grown) implanted with Ge ions to doses o 1 1013

114 15 2I x 10 , and I • 10 /cm2. I-

ihe results of electrical measurements made oil semi-insulating Cr-doped CaAs -4.

samples implanted with Ge to ion doses ranging from 5 , 0 1 to 3 • 1015 /Cm

and annealed at various temperatures are shown in Fig. 20. The anneal

behavior of the sheet-carrier concentration indicates that for samples having

13 2
an ion dose of 3 x 10 /cm , the electrical activity increases monotoni-

Callv withi anneal temperature. The highest electrical a,-tLvii hn cff icl nie,.!

obtained was 387, for an ion do..-,e of i fr13 m n

15 min. Below 850°C the electrical acLivity is very low for samples having ýi1

ion dose of < I , 10 2cm although deflniLe p-type conductivity becomes

,Ipp, rent at around 7500C. 1F1r so Ples im anQted Lo Ain io:. d,>-c o- .

'll , the elc.rical act ivity increzoses gradually with anneal Lcmpurit•tru,

y ielding the highest activation (--11i) at -850'C, and then decreas.es at

h~igher anne1 l temperatures. Tihe 'illm a I !-rii:•v •)I !r an ion dose .3 ': I(i) .J-

2m i,- si i- Iot•t f r I 1 l
iM - Si~lij !ir to ti.t for 1 10 ;cm up to 900( C. Ih)o..evi-lr, tilc ei.ctr> .r

aict ivat ion drops; s.iarplv (to I.-5. ) 5 at 950(C, . iWC mo pa i id 1) V nductI i i',i .L

c,,ivtcrsi, (ilndic'iked hb dashed line.; il; the I inuire• 'r ic t1',' i-ir:i: I
do Lc,, t e II e t r iica] IaCt iviLV i;i cis w with ,Ll loIf' I t mpc ,I'rLifii , titl ) IM

I:oLtiv.Lti,,In e Iici'Ulcies ire ! ,w (,ni i and 5 ; )r1,r ion d,.;ts , I -

15
iCd 3 • iC h!mu respectively) even aI Let-r . :,I Iin, ,t 9 50('C 1, m i i, .

]i e I t iV.It iIllu P;i e s' ,,n ha t iI eItl L' Ud 1) a I tIu! pin i: , C:, ,rtU..I .d ilkr i:','

., :,1ing, ;it I)W ,C ll-'" 3:ip c -• r-, lj;IVU2 heell ,,hsurVV, Iu or- 0

r'' ' I.5 .,;u;. rr, ha,, .- , , li ,Vh, r':i, k. k' .,. k 11 1!. I,,.,

JIi ,iu " p (- 1[. 1. t v
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15 2
samples hraving an ion dose of 1 10 /Cm , although the mchilities are very

smal.1 G. = 187 cm"i/V•sec for capping only and 0.15 cm-iV.sec for is-impianted

samples).

The anneal behavior of the carrier mobility indicates that the mbilixV

increases with anneal temperature for samples having doses of 1_ i - )0/'cm-,

which implies that the lattice damage caused by ion bombardment is appre-

KKjablv reduced with increasing anneal temperaturCs. However, the m,)•)iit i,,

of samples with an ion dose of 3 - 10 lcm remain low--b2low - Ni cm VSec--

"wit i teu sample remainiing p-type. The 1ab iliy imt reases with almeat Iempu'.-

Lures up to 50 0 C, levels off, then increases sharply at am anneal etip, la.r-

of 950NC, benaming n-Lype as indicated by the dashted linit. Tie I ow vU it: c

moD ili v L t th is dcse ma' he caused Ax high .i eIetr ic: i L OlfIc:T' .. il.'.

mrobilitv anneal behavior of n-type layers is different [rom tiInt V i-1 Pk.

lavers. The mobilities for the two highest doses remain essent ia-iv tonstint

for all anneal temperatures. The s I igh•t decrcase in n, i it 11)ibve I ,u)Ci,

a I t liough accompanied by increasing activation, may bIn: samcWL"h,t t Je iLCd ItL

lattice doftccts created during the high-tumpc raturo aLure .tci

In Fi.j,. 21 the stPie t-ctarrier co entrt ions and Qi1l I :n Ki L Kfc ;ire .'u 5',

plt ted a, iunction of ion dose. 'The dAta !or lV NOW( i•i.eal .,l yýl.

simmiar to those for tie 750%C anneal and hive been *•mi lt:d fr tIM' ý;',-1 ,I

c'laritv,. lit .impiinteric naLure of IT iMPUMS iln U , a I I;-,u, i li i

do-•,e n ta i t, Lc arly .seen in this tig-re. 'the t rrind ill , LiV t, .l loW tI i,- i ,

. ii tt.tt;,lrr - t ,(-ti, trlti�on dtx i tid . hk it:i IM), I i,ol ii I i ll ii.,

acn I - h.sir mod flonit t i is I i in:r It c:nmparinrlu tc i th"01 1i [I( ili %:it!,S

the slop., tof tLe IOU-,•tiva•tiou line. Q) to a dose o! 1 10 .. ii

6 f

ii
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activation etficiencies remain relatively constant except for the 950%C anneal.

14 2
Above i , 10 /cm, , decreases appreclobly and then drops sharply near the

type-conversion dose level. it is interestiag to note that tor the 950%C *1

in'eal, T begins to decrease at lower doses and type conversion occurs sooner

than at cther anneal temperatures. Once the samples have become n-type,

activation increases with ion dose at all anne.il temperatures. It can al so j
-ieariv be seen that the mobility decreases monotonical) v with ion dose at all

anneal temperatures before the conversion to n-type occurs , :od a moi!bilitv

minimuns is evident at a dose of 3 lýl1 CM eXcept for tme 930'C aneQ]

Even Lkiougl; no adequate theory is av, ilable to expiin Oour c.pe.rIL:.etaI

resu, Ias, the genera) electrical behavior suggestLs that in salmlea 01 loer

l.I Qod 'In , t.n-qperaiture, the i )Jp ;lt teA (;c ios 9o in to A.,a _it 1 s L re ' r- .A

ent iallv, produc ing p-t.ype activ iy. A\s t Se (e-ion dc: aid anneal tern O!-

ature inrease, increasing numbers of CGe ions go into (-;a sites, r:,i>i, thc

colmpenlsaitionl level. At even higher doses and anneal temperatures, Mre.,,. 6v

ions izo into 6i; sites than inito As sites, produc i g n-typc .,Li vi Lv; ';t2

.ompcnsit i0n Level still remains ]ki ghi . ' Were i. a po1:L; i•iit I Ltt d(f,- tI

such as As or Ga vacanc i es (both i L r ins i c and xt r in !i C di: to ,i gi i-

cc:npw-'tIre anineal) influence tiLc Ciectrha I oLtivit.% , :•l'ecii- l,; in tlIc o ,.

of ,-,',pcnati,.n r.hanisn.s, lilw OVr , iL is cevident th;o tL 11',2 ii t er i

elctricol behavior is due ma.inlvo t,, imp! " v i "ea .. m

sigoilit .nt i cLuliber of ancce trsit: u'impi:t!,-d

iinhstr,!ea%, otv21 alter :im~ie.al i'l itl Ku); •'1 ,,.o}( , ( 2) " a t , , p- t p> I.'.,ti

S, -vyp. st iLLoi onLtin.! to I ,rt. " Leit i r n'. i-iti, 1 L, tIrL1 ,11 .-

.t 1 vhip L ,i V. ' : '.11 L'i-s I I L for t ih t , i k- !'-t-I, .' i ., . "'', i! L.'-

L I- t- I I"' -c ( m ,e k-, IL -,) V t I

GI'



Ge and Ga Dual ImTnlantation

The influence of duai implantation of Ge and Ga on the ac iiti.' o Ge in GaAs.i

30 31
has been studied. Heckingbottom and Ambridge proposed on the basis of

solid state chemistry that if stoichiometry of GaAs is maintained by implan-

ting quantitatively matched dual-ion combinations, an enhanced electri:.-

activity compared with a single implant slhouId be tbtained. l,'we\'Qer, since

amphoteric dopants will preferentially occupy a siLe atO osC iated with t!:cr

of the suhiatt ices, the effect of the duai iuiplantat1io:0, 01 tNC is cxpt, ted

to be more complicated 1-I,11 that of tile dud] irppilint at ion 'itl; Graxin I] and

V\I dopants of the periodic table, for xhi ti, doo.ts n:-- almo -];,stj ext-t:-

sivelv locat(e oil onle Of tLe sublattice s! t  ] 1n 0 pitc of1 ta 54 crnlt-.,t'cd

nature of theu the addi:ioan of iL 'ý ; c.oe-. Lt~u Lo

lower tie probability of (;a-site occ upailcy by ti;c Ge io-ns and to encourage

As-site o cupanov hI this wayt, le compensating effects proouce.] bV Loll

type of carriers will be reduced and p-t:.ne actiU' it- "..:ill bu grot-r

'ific duo: implantation w,,as carriedi out sequcikio,1>v at 1in eo.tgv 01 12i kt,

witL" doses ranging from 1 10 3 to 3 JO ic',,f. at ru-,; t1.mlxr:turv ii.

semi-i n.sulIating Cr-dpod G,..aAs. Thee doe L tl ik lll ) i l.S Vcle oi .-

c:%fh instance. ALter impilantation, the sompl,; o:..cre e:1 OflSIi! Litod tu h..

](00-A i.,','or of S J N de1p)osited pv.rvticI LI' a IiO•G. itori;'. o:icl n.',
-~ 34

tu . s,,,:eples resteid k.ij)-]dO down oix x•irij_ )i..s ';uix.-r-U ,I xtc .. •c - i: ' . t,

irlllroVO' I ito et~lil;' o t " h ,i's. ii t :i a x :, l e . , :.t- Llx ''t :.' l.. L!

fuly i t a tmperr' iturcir s is kIigitl u I <'III] I.

, - ] . .. .. .... . . -" - -= ' .i i



Simi ýlIr A, 1 it I ar1senide control samples, imp]:nted Vit: the 'M1 lt' d1'-5(5 ,.i C;I

.lon , so' -p rIiSO prepare-, Ilnlne.Ild .i2'.I v:1ri u Le;) r.t.c.s-, Lu8(1 OLlitk,' ic, L

t-repa red bv Lie I lSAme p)rocedutres. 't'o tLest samples; did n-L show .apprecl i ltIc

eiecttic 1' actLiviL-, rind ill f,.st cj0 -I.,) W,ill et tt'cl. c,,icid bet detr.- .l.ne:d.

F:igurte 22 s Liliit, tile vaIritLi onl of sur fice-ca rrier icauci rn ian and mobi111'

fcr several doubly implanted doses as a funa L hiul of the anneal teimperature

"l4, S l s' -Itsl z inldicate lict chI imP :llnted lavc'r ipI-oduceL .- L\'Oe 'ct lVIx .

(sal id 1im, s) fvr aiil i on doses and all annailc teanpeca teres, eXcept tar t 'L0 '

t." olg Set L A1si.s it anlea.l temperature- ove 9eUUC, w-hrceL- the irMT;.ln Lt i

] x'eU Yft '.,, 1) - L V It• I Lt iv it,.. Tie tP..', lo,. st t'sCs of 1 l J

.cr -sbc'W t!]ck-tr Ial act i'.'itv 'lti]hi iI 'r-e, ese 1- 0 i ,ott ,n I I.utl L ti

. leV2el .out at L rni~d 5(VuiL. Ihe ,,,s 'CsI i- I - ( / . i

,ilnlie-']-i g bc x', vir" ':.nicil 15 hL' . ind c fldn t ifs , of!i tI Olt e !,, fri-.

actILi oft tho tiree hlghet (loses ;!cL. 1 1]v jx'dc'reases graduaiv .iII .tle

temIperature. L U be ieve this general tendenov toward de reasinl act Lat t Li:oi

,.,,it• a:neal t peatre imay be2 due to increas.ing -.oilpensat iLl n Liti' sll, ILtIL

,Ilpt-x~c ccnuxtitints for typeU cc'tlv•raiia ind ,<itvd b'. ,I he dahed ifl_.. -It

.siecultd it ,,t d tat- , i , tt adi ti o 1 ,1 G, d l.'. p- to n-L e l,,versI i.a t,, (l,

i, i) ithest dos-eSC., coMpared wi% t ah sigi .-- ini pantmp d (e, hic1 L 'iiv'erLt <It tIlt'

iih T rang at ti"- 3 10 ,,', d1sc'.

"lrlt ;c•e:.i t h 1,'tiv ir t 1 tC2 P100i 1 i sio'wn t El : •. 22 is I L- CLu r'te mi ivk',!

Slr g(:]' I v i n-" i ti ci r I t nJ , !l i t'- ,,I r; e I' ill (;,i ý. I)iIi{ k:; t[ lll.'( .P) ~ _. I 1ii 1

e ,,il lit ic., at tie three Lwlt discs I r t'- i ti-li' W.iLit i I . l '..I' lv .,.'

vL l -,r '..i'g!t F dt -.- ' , as kxlt:ct d, Lil til i.V tli.. ti ml - .ll, i L, I ,

I fliji hti•t- 3' - , , d1 t _er i f ' .I tn ite Vds '.' ti'i I ''' it ilL i t c i -

:li• ni c -]:: %- . L~ t ri ,- ' - ~ }ii - -*'<, ... i -t' i-v: ic ~ ',-, lI ,.
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u:il itie.- can bhe at tributLed tco a high dlegrec of compensat ion which inc~reasess

toI wa -moIc aipp roachles the doL-sos I or whilulI L VI eC conive rt it in occurs Af Ler I-

type conlller, tori, tire Mob i 1i tN' moireascs rap id ly toward vol1 LieS represent at ive

0! 0'- L\')C niohtl it ea and r-heai i, c rek2,, s fur10ther w~ith T :z~ Liht' c irrurc'

hal nceshius ncrasigosto n!-type carriers.

VFigxurc: 23 'is a replor of the dlatel, shiowinl, tiurt ace-carrier concentrationj as.- a
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give activation efficiencies up to 26%. At the higher anneal temperature of
95o°C and dose 1 1 ' , where the single G;e implilant has it,, highest

acLivatiC 1 i 38%, t hIe dual implant .s viejI ;I maximum e: I i e ncv of f
14

Fig. 25, the dose of 3 x 10'4/cm2 ho, ;tegets ehneeto - p

activitv by a factor of 8 at anneal temperatures of 750'C or below. It is

interesting to note that for the two highest doses, the n-tvype activiLv of
the single Ge-implant is inhibited by the addition of Ga. The single Ge-

-
e 

- q;

imp illnt c ,lv rts to n-type at t hu higher T range of the 3 " 1h ) ,0 m -dose
anid i sý n-L Itfp -IL all T L,,r CIhe tWO highe-,t d o ., (J' ie du ilij, mAn t i ,,nIIA

d ,c ý : 1 0 , yi el ~l d n- t y p eC a t i V i t y a t tL i e t w o h i g h e s t d o s e l e c v ~t :L I l a L i l ; : l tc .

higil-temLperature antnt.'l at 950'C or dllj•.,'.

l , 'i .v i i r l o ,r t ih e - i n g l u a n d d u a l i ~ n p aItLL S . A t t lh e I 1k s c , m 't O , t C p O I : ti t e > .

nnnil ifties of the dual implants are somewhat lhighl r, buIit I• tile highc,-a 'I .

they a rc c ,mpn ilr nib lc t o tile fOii lit Jc' o f tilf .sin g le l ;- in l, l li td si ,iiih ' . ii

I-i1g . , m i]w !) I iti e s i re- s im ii ri v I;,Yix .r I d I r F I h e tl1 re e ' * ig !: o : iL P:.e-
i 

/I

t ypL rVI)( E. t. i I ' if L i ; .III lilll I W 'C' Ii , v I ,r t h)[I dr Ls e 3 1 3 " in t .n :p f ,

9(1.)'(1 
-

l i,.- d ,,l,il il'.F,11iM L ;ILi t,? si •,,: •-wtll.t: illll)lI . 'iulL ,l l I~i J [ Iv, I' I ii,

.I I I ) ,, ] .up].. . .L.IL.I.lt l , .1 1i.l.ii.. .i .;.. . . I.. i.L.. . . .. V I ,' v-v i I i 0 . , i1 1 II•

I I ii t' :,,iL i i' ,I-l IIit Ir ,u .i i I Cd ' F C V.1
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of As to GaAs:Ge is expected to lower the probability of As site occupancy by

the Ge ions a d to encourage Ga-site occupancy and hence n-type clectrical --

activity. 1

The dual implantation was carried out sequentially at an energy of 120 keV

with doses ranging from I x 1013 to 3 1015 /cm2 at room temperature. Inl

each case, equal doses of both Ge and As ions were implanted into (;\s

After implantation, the samples were encapsulated with --10'JO- lv\'cr L,f

Si3N4 t -700' C in a pyrolytic reactor. During anneal inc', thie -;ani;iQ. -

rested cap-side doý,-i on bare GaAs substrtes ill order t,, inpr,vu' thct t'rn-

ance of the caps. In this way, ae heps ld very -uccesiul 1v ýiL tUMF•.r,i-

tirs as high as 100u0 C, and sl, ýign (,f surfaje dJigr.l.t o i,, d : .... 1:Ctd.

WiLhtot tihe additional proLection provided b% the bare ;aA su.- t rat thIL

caps were found to deteriorate significan,1yV due to As M Ldil fus.ion duriing

an:iea I ing.

Tlie resulILs of elecLtricall maesurernents tI'lde on scr:1-in., iit .I J r--,ped C.

.5tm!)]Cs irn')ltzu1 d Wit h b1th (4: and A:, ' i,, d,,.. ruioc I, j

10 l 15." M i gi~u l~JO "!m itd an el edt'il' aIt \'.irJ,,s Lt'rlpcrt'l.iiulrt' .irn s.h.'tv'o ia}[J, i. ['

te ( ew ' .(' , p-A Yll' t-o(ndUt l i tVLv ( --,I td ] Jic" li.i:, btit , cet y

aL a . I ii I. I I " t .'npet u I us , whi t rot 1- i, m t , ,ts • ] ] " , I- t I('i

c i( v .v (d;I' ul k t) i I LtI I FV tlI' t I I I I I, I I i t;. III'. '...

'• I' ; lI ' I II II " I l~ V i,, I h t,1 11 t , L, It I'Y- I i . I I 1r' • , t 'l t1 1 { 1 ,'. 1ll i .j l , ( l I . I I

I A .I.• I C I,, i t ii L,+ , ', < 1 1:," ,1 J Ill' I I i I '..} ,I t j ], t(' I I , j . i i I, I. ,[ I ' - , 1

l: ~ tl t I IJ ' ' ' + t' m ' i t,' Il ' W ' lk ttJt I l i l iJ .4 , l l I', J + , I I 1

h1i 1 "
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for jamples annealed at 800'C or below. The highest electrieal-;wtivatio,

ei ficiencv obtained from the p-type samples was 5u/ for a dose of I 1. 0/ i-

at 950'C anneal; thie highest obtained from the n-type samples was 24i for a

dosE of 3 - O'•"/Cm- at 1000C anneal.

Similar GaAs control samples, implanted with the !a;L doWSes of As onl\, also

havc been measured. Thesc test. samples did not exiibit appreciabic elcctrio' K
ac ivityV, and in most cases no Hall cttcct could be determined. sever-.,i hig!i-

15 2~
dose (> 1. 10 /cm2) zsamples exhibited some p-type electria" a,: ivi v, It

lea-St one order of magnitude below tha*t me.:sor-ed fo r ti: ,,rrc.' :d i :-g nh 1-

implanted samples. I -

The annealing bealovior of the 1all1 MobiJitv inidicate that -:b,' '.i Ii'.

inncreases with a,,nealing temperature I, r p-tyvpe sa]mple.'s i0 v ing doa•-.s

1 3 2
< 3 . 1(1Hm -owever, tne mobility, Of n-11 ' .1)e :IIifl If.lg i• O (f l-,t'

,)I 3 ' .1 /em re10 IL, ns significantly low at anne.al.i jg "e verattiurt',. of 8i 51Jl h

or :}{low, increaseu to 90U(oC, a.lld tlheLn d 0- .e- ig l.>i 1 ,itlh ,."t' . , Jo-

Lt2tI)vr.-iture. 'lIh low vitalia Of ,iohili':y beli, 85)U ,C r ti1:-- d,,'. I,.:, Ik dot l

to hi•h clct' aL ri o. mp.'nitioii under ckoniit iol: v.h l k, ' , j,`1%',l 'jq,1, r!.

takeun phio:e. The mo, i iti ,-s f,,r the tw- ' I lilhet d,,:,os r .'1iii; i tL, ii.

eufel~t~L aali •1i.lrt• lg ti.empraturLes.

IV~r *'sg L ' ;iilt:)ciI d it t hrI.r d i ii r il t t iLcr.itur.i i r - In I'!) i:, . i, ,

v it1,i)', II.i '. 'fi( dliL,! 1,,r •L hd i )r i t.i l in); IC'lie .,' .,' Llt-- V'I . i

v ir, fI -mI J l , ,illid i=. V ' l- ' 'l , ,l .• d ,, ] l' t h]' c :--,l id alkl di'l .'I I i(
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representing p- and ii-type activity, rspi-ctLively, clearly show thy alplioteric,

nature of Ge in GaAs: Ge + As as a funict ion of ion dJ..c, III en lgoa , !

clcctrical-activaLion efficiencies ate highIUst ft-r most anMaiIl tEi•-t.r icc
at a dose of 3 x 13 ,cn2, where th conduct ivity is p-type. AtL a dose of A
i " 10 ,c.-, Lc conducrivit-v type co1vo2rL-. to TI--vi, Loll a >::rp !I', int-

act ivd tion etflic iey occurs. The ActLi\vaLi-),l cL:i1010CieS for ., a,-sc of

3 10 cm2 are about tlhe same aIs th:lt for a dose of 1 -I I'llcm a t tilo

airoaeling temporatures shown. ThCsC d ram.t ic decon se- Ii-. i i, - -

,i.,-:c~~i inL tie intiermediaite uose ran/gi fI 1 II t' '4 L 3

dOtc t, hikil ciOctrici.i .Hef-c.:mpcnsat n. B',voad LiwL I-ty--,'-'.OjS I"ti

C irp L-g :t Il I2 L i' ,,IIL ll 0 i -i2:tiL. ilt.15
-irc Iiglic-• i dios of I It /cn1 Iu krn-yooLvv: io-

L e I Iert LiIr .

fhc -;!!CCt- 1riL- r I-i I i L tL it'l -usL~ mo1)1 ii t j tI i ti I ed I -I ii-ý ii --1

*iii, i t:ullp L -mpc ratLrc in Figs,. 28 l J lV t .it ind{ 1I tC h Lii .i itli i ,

1 It,' :lL A- L', L i ct r W I I O w ith tiI oily• n ,!l c 'I i- i 'L lclI Itl - i w, I . i; I 1. ,

i .3I, 21m 3

t :rc!i ld. 1l;: ;thiI i i ii tLV ,r di iti t i iiq].iiiti ciii: ii1 di j lt i ,i'i.,:P I, Il li -

rt,.t i;,In M t • L tt l ; vi ; -tI .\:; i . i ol' ' ;.i t'll - , , : t I in pjll~ , i , , 4 'd,, t k, + 1, 1,- ,i.

till.! 1' 11' I ', -l, 5 I- I I v- ilo 2 -I L: l ! Jt I l . I it I I i i t.l i t-, II i : i ,:
:; ~ ~Ii tL o tl ht -l ,' lt " d 1 ,('d , ",I it.+ I i Li ~I ,' . il +I l !I i . ... : - ,I I I, i -, ýIi .i:~ ,, ., , , .

d + , +, l ';l[ j + , , t~, "I '. I Tl ', ( I I [''I t i ";i 1i 1, tl : , I 111I . I -- , ;

. ,I , ' .t , , Iv .. .1 1 4 II A" ' ' I l'~ I" ) - ,L , 1 1 tl+ l t ~ , , i.i j l 'I r l I I ItI I

t ,' + . u , .,, t lIII , I .-' 1.; ,, , i ll )-.I,,' . i - ,- .I( .1 :, 0I , " '
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It swould lie pointed out that the above results of duan impl ntati, L , Witi;

Cc- + (,i -it. tLhesc dose levels sho-.,w' coMparabl , mohi i ti ,is m. U p-t,'pe , 'L i,

ofiC LV117C.:01 S sgigi icant lv enhanced over those iisurved o I, i.l!) to. .'W imp I .i:-

14 , 2
tLitL '.i. I"Il I ion1 Jose of 1 "- 101 4cm , " o VfjLt 0 tdl ii

"v dI.' AlUiU L i C. '[lhe p- t yPC conductIiv itv of Ge siitg]•_ imp1JutL0 , ii.lI'Cd !i,

n-t'pe ... the d-1at implantation of Ge + As, an)d eiv.!-ric,1 ;n t io'Ki,.,• i>

reduced signi fic:,ntIv due to self-compenisatiol. i'gurc 2_' blOW' ti.' t tihC

C'oilductk1Vit'" I'W')C 'tcliv.cl..irson per its!:i.- due'"< d~ll i [7,ii : .i.JIL Iit .iu i, I ': i

.io o L c 11"'. For.• Ul t lgti cjL J-iu;., duii iISi .iil it I li;i.>.

do,t.• 0: 3 -. 1U .o Fur ýhc ,.o hi ' L•

L L L, j , -L ,I % L '

".2;l[11' 1 1'' L o 1 L i I i'ili ,g Ltm'npc- 1',tt L 'S. uo Fv' t i L- I i , L"

i> Inrt is>ed '•'. il . OlO, U ýýic'er o; r.nig'nitudc, i,'.c'. ,11 it ii., .iw t-

{ . 5 11 1W RIC . I.CA PROPERTIES OF CAR bON 'P.l.- [.i' .,N;l') "-A

A I L, .gi i r ho is 1 1o l t.o PC cil .unp:io: 1- il 1 1 il2i Vi .i :,, I,,ti , At

i l t • . .I,'1 •`:.\';lti u1:1LI I I LI 'P'U -J. ' I . iii L p"-t ' , .,;', l I '- iI ,

.35
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active centers with an increase in impurity concentration has btcvn sliggesLed
37

as another possible source of reducti n on in'ýipp;irent" doping eflii' ienon .

As stated earliue, lleckingbottom and A,\ilridgc 3 avC pi'o-0lised Lh;1 L Lithe d:,pipg

efficiencv of ion-implanted binary semironlucLtrs suchi as GaA may be improvcd

38
by dual implantation. In this study, dual implantatin i asl examined ;as i

+

means of improving p-type conductivity in C -<•n-imnpiantud GaAs;.

The substrate wafers used were Cr-doped surni-insiula ing Gao\t obt.ainud frum

La1sor Diode Lab.h In c. Saimples weret ir)Pi,];i Ld w,,'iLl; C: iu it C;l til' p ;

60 keV. InI the caise of duall impiant~s , Liet (kt+ ion, V2is z-u ;cited ij:ld Pip];lL tci

++
at 120 key prt r to the CM implantLion. Saip,: C, ;.'0rc imp]an ned t.' t ;I-

ill- I01 itins, , li ,r [) tl a(til'd ii iil-ill g Il ii d 'l' ;*1 tilt:.. C -. '

-20 nA/cm . ,mpies we're encapsulated at 7UG0 C witl fOU-A li._rs o Si

using the CVD technique. For control sarpl ,s, Ar-imp];ited 1 2(1 keV, 10 L n")

or unlimpLiancec samples wera encapsula ted aind anneal ad under tLe, cf,:vlitdi, 'n

described above.

11l)le 6 is a siirummnrv of electrieicil dt.i ,l t.lijfleOi Mi, v.Iri, s.imle. l',il o] 'a

at 7,00 0 C for 15 min. .\t this ;ni l temlper,lture tLhc s::et rc.;iv .tlvi'v ,f

+ + +
lioth the C :ingle implanp lt •and the ((:a + C ) dkjii jirpJ..;wt,4 Ti.'As 1-- LOi tilr('i

+
orders of magnitude lower than Lhat of either Ar -imlpI.illted ,r kinimpl.mtl.:d

M ),1Ul)Sl . On Ithee latter samples, it .: nit ii'. ,ile ,to i:t ;:i .!lla

volLt ge. 'lie signifil:anit result is 1liL tLhu sikcvt--iidic ( u ' Li• t ii, ;0 ' ) ,1

t Will impI it wa.s; hI: ' li r IL iii t: ' I :1), • L in:;l) Iv im L"i 3.

itie result i) ;i!!slm rv r 1 is a J VC; I i ill "li ' IL ' .i Li. " i i-i i .i '

temri,~:tnrc's, o 'e mlght expect to oi)ta in higher d(i,pjni:i -Ii i .

,a



TABLE 6

SliE[ RESFTiVII'Y �E�, -FFECTIVE MlA.,. MO I/.ITVY :NO E 1% ll:ET-lI(I',"
CON('ENTRATION P FOR VARIOUS SAIE-S ANNi'ALE D AT 7 00 (C FOR 1)5 MlN

I.IPi.ANSI' WERE PERFORMED AT ROO, IEPERAT'RE TO A (lOSE . 101 4 c -. -
FOE t;.• ,8od .\r+ 1MI'iA\N'I''S 1 ( 2(1 kcV; FOR Ct. I(PL" 1HiiA'l I- bJO kc. ':

1 !jpkV O

off s 1

(c Tll-/ V(cmSample~ /.il0) (cm 2 !V. ec) (m-

7
UIn i,-i! .1 iLi 1 " 10

+ 0
a.s: Ar- 5.01 10

+ 
ii,5 1•

G;G,:,C:+:1.17 10 150 .5 1

+5+ lo 114 1.2,1 4
Saiz.qint'y (Rcf. 33) 2.72 10 242 9._,)u i0

TABLE 7

C.ý,MPARISON OF E1.ECTRICAI. PARAMFTERS FOR SINGLF ANI) IUAL I,.M'IAN1IS

ANNEAI.LEI) AT 9004C FOR 15 MI1N. (I :LANTS WERE PERFORMEIU') AI ikt)()i

T.,pERtrURE TO A DOSE OF 1 014 cOF-. FOR TtIE Ga+ IMPNT,

- 120 kcV; FOR TIlE C M II'LANi, F - 60 k,\.

+ + +

Sa GaAs:C (. . C

I' m ) 9.5 10..: 10

N.kncm 1.8 . ) 5.9b 1')
"13 .3

Nl( - 2.74 03 U 1

K(M N',) 0.52 U.'7

A

H, "I



,,-

additional sjmples annealed at 900°C for 15 -mi ., tLe siieeilol c -,,i t r:itr - n:,

,•7ere 9.5 x. 0 cm for the single implant and 3.13 • cm for he duA

•= ; im plants ,

In order to examine the 900%C a3111C;ied sample in more detail, tMu electrCt.] l '1.

"profiles shown in Fig. 30 were obtained. The profile integritv of the'IIl,

implants is much better that' that of th0.Ž single implant, both heing ,mp reld

+ -3Lt the LSS C profile, A peak concentration of - 10 cmrn wa:i idte:1(d

i:l the dural implants. The profile was further min.il vzed tL 0ObtdI i ICl I' I iV

values of the sheeL-acceptor conccntr.Ation (N,\ cm M) and the hiCh' L CoilCCi.r .-

Lion, ot the total ionized impurity (N cm ) The ojfect i-v iivv. Cw y I0,

r.tiL i-, defined As K (K N - )/N 011 ( Ie asic ilnlllVSis ICL ii)iiu I .I '

35Sdescribed else i,,here . The results ire oirirar d e n "f.,, C 7. v \,ie.. ,-

the difficulties encountered with the ise of 0t0hel" llR2;illU'/ itir ilL t e,.'c i qi

(such as Auger or even SIMS analysis) at these dt,pinlg ,eve] U .

S10 4 -"

< 1 cm )C , the present analysis ttcl.niqtuo i-._ believevd LO W i1-.•cltli in

genera titig meaningfti, results in the GaAs it-Idiipctat ion . stud i c h TI. i

results ()f tLhe profiling analysis will J)Lh discussed.

"The faict thit the electrical efficiemnc oi the diii.I impldiit is ]2.;--Iig(lo.r m,.

ai factor of --3 than that of the single implant whin otil lcliud )I 70)5(--

is quite encouraging. Furthermore, the ele(-triciii efficitn y ,v t! i 1,.. i

im;)lanIts annealed at 700'C is compirilu t' , 0 it L od tit, i impi-rit

annealed at 9h)00 C. The dual impl;wtr. a, c 'xpeit L•d i-i- I i, ,-

tfficiency khant lhe single implant, .. 'VCll at low inuc'llug tCiii)i, )trr .

At a higher annealing temperaLture (900( ;), Lili- t'ren l ,ot ;it.w,. AI... ;N '

the' clc'ctric.il Cfficienv of the dual iIiiil.i:tit, 1:- 3.'.'. ,

Li I II C CII CI - 1 Oll IIII II II
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The profile ana '1Sis of both samples aIt -I)t) '(M 1 i1di1tl tiC.IL the AL !1eet-I10 .e

COllc etltrxLtioii P is lower than thie calco ited 01fct ,- .,'.-pt ,of ot t,:'L-'

SLion N (see Table 7). If N is assumned to0 ihe tl,e 'omtber If su-!ui' it iUtioTl;l
A A

C atoms in As sites, then C atomits of only 18- for sig)]e impilan. t ind 60-. for

du,!l implants will be incorporated for the 90 0 0C ainealeOil nanp leo cud the

remainder of tIle implanted C atoms cannot be accounted 1or. (Uul.ike this

reut te1113 + 35r -uLL, L10 1 C/e:tud , 5result he1 (1 1+cm2 implpantaltion• Iii tihe previous- stu' v inlic.ttce

almost complete Substitution of impIlanted C; till dil Creu."C l'ctcc:" i 13 cM'-

L4
Thu .1U cm - camples squggest- strong dose-depeondo ot 1u1C 11 in" . ,

istics . ) Anneal Iug in ai lduve outd if fusion t, iif imp1 1 1t1* t .e t l , i> L it .li e

it,;)iallted regioll, and eiacapstiition nil' p1)v .i \ ic fii iilac: role inP ii-; ti>-.

+

Hv..evr, in Rel. 35, tile lca k of di (f-usio:n i. t;it' C ir.'ti cs t, i+i-. :-o,:1.

[hisi olltdi ffusiOn, if it is ccurrilig, musLt 1'C rc,ltcd t, irii.i.-

Some Of tile impl iantLed C aLonms nldv 0' lpv thle1 (,,; site (L1, lc0sspioh.il,, )lit

interst itial site) and form electricall coM.pensatlugl (or g 11 icc') cet_1 :crc'.

lt)o,-ever , the value of tIle coMpensat iou ra tio) (K) is *: 11tt tit >,ll:. I01- Iic

single and tile dual implants, wilJIe N J liiier fr lthe I diLtl1 jll~i' at!<

I0r tLe si2'.gle inipl) lt I I JLiTis suggests that s L , c] iL !uI i; .t UIui i-.t- , t I IIic

predomiinanlt lt, challtis n respipo ilisi / 1 or [:ie lover 'il ! '. l," I 'i ' 1 tilt .- -

31)

l''' ,1!, tlitnctolltjltn 39rocess ill it, ltt'-lt,lultI-.'l' bin. rx -till il'l i, I 'i '. H':t ili.u I

implants, tILherefore, alppeal r Io c 'ltC a b~etter t i.lclet, I il 1, 1 IVI•IL• it !:ýJ

milifizc titiae ",d i f ,sion ( nind pirh.'el. red .tt iI ':t Ltll. . c-I ::c : ',I' :: t.':lt ri

L:L0 tC o tl:e C dojping I)it' tess. I: tills ti,., Jic ,, i: 'l , ti ti:1 i,, ,' .i

,I lls 1 . , tlp"' 'I stOl'ct it tu i lil t Ii id cit c ' ,tc ' tit ' I i, I.I C, i

c- o f iit L -L I I A



Sect ion 4

'iL\NS'ISI . .ION -Li'(ON MI CR W .COPOWY (11'-0)

I".M tudies uI ,cv eril iipIalnLed (:-, samples made ouring tL CIt tL x.er

resnUiLed ill thc :o Il,,ing important obsuvot Inns:

++

2. M i -i1>1I,,\NTI12) Cr-DOPIED (<A\s

A\ Cr.--dojed (;a,\s s•i;,gle-c r>'s tl po Ii shed ,.'ife r I ,v.\'ihA I 00:" ,rion tait ion k,' 5

.+ 15 '
imp tl,iiiLed with S1 ions to a d,'sc of 3 10 n I it 1 l. keV c i. r,.,, tcm k pcr,!,-

Lture, "ii in foils for EM1 obs.ervations ,.,ere prip rLd bL 'ot polish i si. u> tLg

aihrom:i:ie-rtthnlol soltit in,,i is dvecrihod e o,rviir hid]. 1 t-4pi0 A elect roV

microgrnph and the correspoidilug so lected-circa di I incti .tn pat tern 0Dmli,:cd

frow an Si+ ion-im)piantcd specimen are shown in Fig. 31. Time oiis cfi tained

a hýigh density. af black spots witLi an average size of 60 A,. fTue 0a1oriLv 0I

tinero ex ibiited black-white (B-Wl) contrast and a few exhibited diuble-.-t-v

coiL ra:s .. T?-e seLec~ted-arca ditfraCti on pat tern revealed thu nreeco ',,1,

e:xt r, rc-lL-tionls (iafrked by 6 in, the s-hOematii diav.rarm) resultingI ri,;

precipitates. The d-spacings uorrcsponding to the extr0 reflecLions \A, B,

anld C can oniyv hc matched with (210), (T2k), anid (-12) ilan s, r'es 'ociV._"v

,tI SLAs. whiich has a cubic st--ucture (Table "). ,ood agreement huetwte:n tlI:

mea-surd and tlhe a]kcui,iLcd tuge> of dif fercnIt planeslc duo tc Lip tl i t:c

Com 11 n)skvred (lc aic 9)

Al tizn:gi t ikc in!Lten-itics of tieCs e.tra 1 -el IeL-L i•:i:. %,let. w..Cik, (.ir--I I(.id

imag inlg tccliiiique:; uS.1i5 thlese :-: t ri ref I ICtIn 'tI0lea ep(i
LCL1I~~j~:;U~ilg lk'c ei l - ions co~ild ht -ILtcmpl•,d to

- l it S i,, pre 'ipititt's ill Llt fl micrl .grilpim , which woitid alit ill st ,rtlm ir:I.

u-u

---------,-=
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the precipitates from the unresolved dislocatian loops which appeared inl the

form of black spots in the micrograph. A few disLo.cation lines were also

observed (shown by arrow).

4,2 ANNEALiUC STUDIES OF S IMPLANTS

The microstructural changes in Cr-doped GaAs having <100- orientation

S+ 15
implanted with S ions at 120 keV to a dose of 10 ions/cm at rotl, tL'E!.;. I-,

ture were studied as a function of annealing temperature from room Lecmlpt'cIr -

ture to 860'C. The experiment was carried out inside tn e1ectron micros.,,,e

equipped with a hot stage, and no capping of tie implanted laver was use.

Sia the as-inmp lnted cot0,dit iOln, LLt iL i.gi' Id . mt t led :pp.l. i .1" ,m.-

a large number of small black spots could be seen (Fig. 32). The selected-

area diffraction pattern showed the presence of dittuse rings character2 sti,

of an amorphous material. Post-imprlantation -in situ annealing at 330%C tor

5 min. resulted in a complete elimination of the inner diffuse ring and tLhe

develcpment of streaking along two mutually perpendicular dlrecLions ariml.lt

the (002) and (220) diffraction spot- of GaAs (Fig. 33). lHowever, thie

devclol)pmCnt of (002) spots had ,et t, Lake place. Ohservat ion of the

elimination of the diffuse ring strongly suggests ihalt recrvstzl I izat lon! ,

the amorphous layer has taken place. Since 110 evidelnce of a i1 L.:r,.t. -

material can he found ii) the diffralct.ion p:ltt('rn, iL is suetIl i,

singlt-crystal layers having identictal orient. L ion tit i rI'-;u,, t '!at.

sub•strate started to grow cpitaXiai J > l L!ltl C tl10 tLUlt' .I &d I,,:I.M l ii,-

amorpilous layer during annealling it 330jt' for 5 ri:. 'lie :t r:kinp :I.

Stwo mutually perpendicular direction.• alroulid Li;e (002) spj)oL i:l :,S i ilt,

...... ..-..



TABLE 8

,E.\~-'.. .R ,.I -SP.\C 1 ,N I'ROI LI' I A I'I' t ONS AND l l IL .\. 1' ]'',,N" ' Pi iJ)
1ilON TII , si As S IRUCTURE

Me'isured d.-Va lie Calcuilated d-Value

of PrecipiLtfl ofl SiAs.2

doA 2.679 X2.b93 (210)

doB 2.:i5 A 2.¾,c' .\ (211)

o 0
doC 1 b17 A 1.609 , (321)

'TABI. 9

(oMP.l\R 1 ' ON OF -,\ASURED AND CALCU:LATFI) AN( 1.E"S L., I) THE N l i Si ;.,
s fR'C'IRVRE) OF1 1)I FF.RENT PLANE"S DUE TO PREE P AT,\I's

•A1!- C-. t1- ___1 , 1 ILyd- A : _ I •

(.2 ,)l .'. t 12i) 1 t) EV"'.

(121) .., (312) •._"2'•2"4

IIj
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to th te for1latt 0101 llicrotwins U en tho (II I ti,\. NI fr. Invill J
++

SpitL.er ['41 11,2] hIVc made simil r ,,er,,tion:; I: P , N , .,ni ni,-

implanted ;aAL,

t\," n .I eittil'' it! LaI e I i!. of 1:p k -egn1 to ioe. r I

,IrL)Ii' U0•UUGC. InI ldditionl, tie toil Sc,... u Lve - ! trLi5}'.orVna&':' a

with, rospect to the electron beam. This behavior may he b tL Vait UtI to A

L'. f> Yil tL meW I i Wlich C II ec:tLiVexI redUCe>111 ti. hi C i;,&; iL- 1

L.ck so•ts w lec rIlld tO grot, inu siZe lLt hig'her- .1;ncI1 i:' tc!K, .

L iL -; o. lilt', COU1 i e C,1 ; iiy reCsoli'ed is I Lli iO, lti:I;, .i- '•it -L t.. L-.;

AL ItO. h is.'~te loops gre,, 1r 'ocicsrenro e t i I- On il i~it

1l_-cr n( n' l'Cp density, as shoxcn in Fig. 35(a). AIA,:>ji >t'c,:Ai:

tin' .' a .La e tI nealinlgý a 30)C Ior 5 ri , a l. inc .it,, 1t1. t :

•_C~~it l•:t• 1- ' '-1l•Ll i -1 41Q• ll• 1r-,,ll -' 1- r c• I r , ýu I, %", ,, ,A. .

rc sulted in devehipnIent of i002) ',pots [see Fig. 35(h). .," rt0i:it.'cs

,.,ere F .oun i1t ti ie - iml l. trd Cr-doped k

-- ~ .. .~ ~ 4 -=-~=--~-&t --- -LZ : -rsg~. ~ - - - ___



L I 1 I I 11 k i

i~iii ,Il;~ t- .1', !I "'. I'. ",,, '. " ' III

I) .1



Ii

(o) (b)

Si1 r S, 35. (.) r n c :\rI I ill I' rrcvi uon i i-r.. rc All I
'IlcnlIp r.iLurt2 ind "limr .irc 86Wr1 .1n , 5 II in II.

I r r L,,,) Im-grown 1,irgczr hut (Il'., t

o',' er t iia thiLL obi-crvcd ill 1r 'V'i 111:2 'I I Li•',

(I) S L cted-A -a l)i fra,'ti, , i r,,r A .I .)

NoLL c l )Se . C Q: IiLre.l i .o Iilt (Ul.VA It' utlI Ilint
t, f (0102) maitrix Sp) L s ,w ri r ,~ i ,, :I t
nu.,I (100)

9n

=1

I
- ~-~---- - - - - - ~ ___ ~ -- ~- - - __]



D)EEP-L-V EI.- TkANS LENT lPI 'I'IO SCo llY (DJT S
ii

5.1 1 NINTRO)UCI ION AND 1.XPLLRI'.:NTAL '1lI;,N id.

I)eep-lev-l-Lrap spectroscopV (1)I.TS) k:) Is call ed fast Lc plc iti Icc ) is a;I

spliWi stic,ited tcclhique for studying traping states in the deplet ion.

region ol a p-n .Junction or SchoLtkv barricr. The L.luViique, cii he ,ppllcd

,u a wide dVlrietk of devices coltininglill" '".... Lape% 0 m-ps and can \icid i

I
e,-sideric inligitt illto maLerial cii ,IcLr'iZ.ALio)n, dC cc pLrtr'r:ýi:. i, ;iild

i-el jhi i[itv, anld oVal Atio l-iOl 01lcca:iiig tccli,,., iea -nl, us i,

in;plan'Ltiotun ,rd epit.ixial grnwth

A p-n juacttion ield in rcvtr>., Uia,. wi Ii Ilvc ., d,-)l ci •,; IcgI,,il of ',idt;

w(V) [2. (V, -+ Vl,) .!N q

w',IC c V, . is tkilhe .uncLion bhUilL-ill p•,l' i •l .inm N is Ltjc dcll;ikAV " ol cll cDI

IL thl edge of the depltlion region. 'Tilt, o I uj tu•In t Lilt rul.at iousl-ip

will depend upon tLh type ind .shape wI ti*,, iia ,1;. Tr:aps iil thi.s r'e~giu)n

will ie genceraily empty, and the junction wil I II.lVt. i dci ileCd Cip,1Ai tancc.

i tLit unct is L, rongh into forward conduc bVim v .11 (c2cLricL! p,,;e,

tLi in c(-vd c(hargu will bc Lrapped ,a Lrdi'JnII L, i I ac . i i. kit. i:.

Lti L t'%aps and -..'i 1 a' I o!- recombine after tL r1i) L 1.1I•-i, r, tLhu' iMc t i•t I c

tri.p;. The trip IfiIl Ilg is described I or ' l . ie: j 1 i ili L lborgI' Iy

N(t) = N(u) (I - L )

9 -



-where N(t) is the concentration of filled traps at time L and [ is a LArýýC-

LerIstic trap-f i ling time. The chtaracteristic trap-f il~i. g Lime i.- furthcr I
descrioed by)

-- (V)n + - + eTI I
,,wherC is the capture cross-section of the trap, T iF the tole-recombinat io. .

time of a filled trap, and eI is tho thermal-emissitm rate of o LV riIPd

charge.

When the pulse is removed, no further c harge is in;ect ed , Lhe dLIe L ik)I I

Width returns to W(V), and the change inl charge popul ation prnLdced dur i,

the pulse is ref lected by a change in uMct ion cai Ic IL, Ii . "wo Imle L ',ipped

charge recombines by means of thermal euiaiLo, ac,-ordling ZIc t or ' i:-i

the trap and the spectrum of defect states. Thc spuiLial regionl, ill WitL--i_

this occurs is Oie depletion width. If the dep~ieiou recgion is id.i 6.L .,.

there is zero free-carrier concentrati,,n), receC,.bin t. I0t wi'] 1 e I) ' t .- i I

emission oil!'". i'lic decay is not purciv exp,)telLtqj , ii..i '. ,, lilt, iIl nge i!,

hole concentraLion at tile outer edge Of tile dCpiction rte I i " t ~t '

but quadratic. The changing popu at ion Of trapped chajrge il itc dt:,,t iL.

region is observed experimentallv as i transient 1ipai ,t:, " siiItd c

e,.,d th;it the time required for deca .y moa',,' r from l ,:all.

mil ii:;ecouno., depending upon tihe n;iLure of the trap.

a a scci i ] p i Lse i :mposed on cite iute io (ilit. 'iti I ]

pu se , Lt ic effect of Ihtolc recomnbin iLt ion h ct ,n It V LV. fIc 1, ., , 1,11::



is of magnitude V which is less than VB hence, the depletion width is 4.B =11
reduced accordingly which per'mits that portion of the material no longer in -

the depletion regionl to act as neutral material, hole recombination heing

4i
(101Iiil-nan L . The second pulse is cal led the "'Clear"' pulse which is; rteasonab Ic

since it .serves to "clear" traps in a portion of the depletion region and !
injectl no new charge into the traps. Hence, the quantity T, can be evaluated

as a function of the clear-pulse width. The trap-concentration profile PP

across Inc depletion region can be determined hy' variations of the clear-

pulse height. Different clear-pulse heights "clear" different widths of the V
!4

deptet CiOn region; therefore, anl orderly series ;11 mcasuremc'nts prk~du~tes a

pr1oFilu of tLle entire region. .

"1J 'hse im tk Sequenc CS and their effect..; uponl thle Ca-1c IiLaleu i gn Z .ln be

seen more clearly be reference to Fig. 36. The injection pulse brings the

diode into forward conduction, resulting in an iniijecLion current. Fhe ( 1.1r

pulse has i smaller magnitude than the injecti,on pulse. The deca| of Lap; i -

tance s;ignal after the injection pulse resuI Ls from boti lhole recobinhation

a ad t herMal euiiiss ion. The decrease in signil inmp I i tudu aft er t IA' C ui.r

p[L.-e is a measure of the hlole r'ecombination . It h!!o-uld )(, poin•ed out thatL

Lteu real xpcerimenta|l situ.altio is ilot _ýo cleAr Ut i, ill tuib. irLIt .

The pal 2so Lenld to overload the amplifier, ind t here is f req'unit•LI.. 'rijnýjig''

resuit o f tle fast pulbes--two faictors that tend to( obsCure Ltil i it n]l.

deLI. sI-n)I;n s . A.lso , in tle sclhienitirc .i pi sit I Liv j. I's -ic l c ,n 1;111.4t iý.

sown, indicat ing the trapping and dcc,\ of t! minIvr V-c 1'--riL,-r tL.p). I I

m.i . rit v-carrier t r;ip hid bheen, sIhoWIn, Liic i1,siitit ,•, t 'i, ' ' %,': uim i J C

!Li VC.

______:-- -. . . - - ~ .~--~-~__ ____________
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T'her:nrl enission from the traps 4s n strong function of temperalture. A

simplitied version of the temperatLire dependence ui emission rate,- is

:eN _ 4,• :
0INg

V-1

-where o is the lhermalI-emission rate, c is the capture cross section, N is i

the density of states in the band, g is the degeneracy of the trap level, -'E .1

is tile thurrial actiVation of the trap, and T is tile temperalture. lhe applica-

ti n of the expression depends upon such parameters as the Ltpe of material e id

(1- Or p-L'pe) and tile sgignl o(f tLhu cairrier (elecLronl or hole), hut the

express ion Is i handled in muchl the same wa as tile expre•sion fIr LihermrLIumi- ]
nesceil'e and thermillv stimulated conductLvity.

Si

The temperature dependence of the transient capacitance is given in Fig. 3

I
7Oil tilc left-li.ind side of the figure is a series Of ca.pa~itanlCe transientis IL t

various Lemperatures. The difference in capacitance during ;I time interv..

t I- is plot ted on tile right-hand side of the figure. At low temperatu-tA

ver" little tlhermil emission takes place between t aind t . AL high tillCII) ',-

Lures t hc Lradplied charge recombines almost immeditlelyv , V ielding n1 cilalgev I
in calpalciLaInce during tile data-sampiing Lime. A p lot l the ent ire eCi-i Lk-

vields the t empernt tire dependence of the thermal cinission froe: tile t ;

essCntiially at thermoluminesCent glow curve. From this curve oine call deternuinl

tilhe ihermail ictivktlicn energy of tile trap which i.-, loselv rcl],ted t., Lile

enII-rgv sepalIclotll between the trap aind rlie ,i the bands . Since one is .1iii

to .Lutdt, tr.p . lViln g ;L'LjV;lt i .)ll -icrgi '; ra. gin ,, -rorl: " i c% t ] c\,

Lhlt Limn iertnr;itu s r t, oI b Scalln ed will rlnlgc I rum liquid--lie Lejlnpe.athlreL to

severefil huniidred de.grees iliol)ce t()all Lemnperiture?

I A
-f2
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V-or the tirasient-clpacitance experiment, thie diode is held in reverse bias

ill -M I,!, caip.cilance bridge with tile pulses superimposed on the diode under V

test. The choice of bridge depends upon tile sample or itinction being

sLudied. For epitaxial GaAs, the sheet resistivity is very high, resulting

in loig, transient decay times; hence, tile frequency must be kept low and a

bridge operated aI litz is quite appropriate. For p-n junctions such as

tliont, used for .igt-emitting diodes where decay times 1re exQreoej short ,

a, high-frequency bridge must be used to obtain clear resolution.

"1lL' ha,-.iL" elec tron ics of the )IT'S system arc shirL rn in Fig. 38. 'lTe hblsic

ist rumenlt for making measI!rements wan a Booton 721B1) I-M>llz c'a •jiaCAL, t aac

!,I'idgC. Tirc i-i: -is ,'l Ias thu pulses arc provided b- the ' S.tro,-lxi-D cr

11B pulse generatolr. A very important piece of apparatuC:z i' tile buffer,

Iase I i.. -storer, developed and biiilt K' SRI. This unit not oni Iv oi Imi -

niotes n eis but permits one to operate the BoontOn. on a more sunsiio sa I, 1

,aid prevents ovurlload/memorv problems withII t'lie dIouble boxcar illtegra;.r.

".i' tulacrat-,Lre of the sample was viried from J.0 Lto 4(()'K tl~ili- .la Air

l'roduct; lIll itriii. lhierniinieL'rv, shielding, and eluctrik.l i sI i IliI! II cruC

:',It' oI til1u 'il. i :i:; thIt ILId A to be stl've d i n order tc rta, Iii i riuiiiin f u

,:nJSUrerenLt ,

;'XI; .111 i'.iiij Ij I. tiLL' L'IWIt-n gV dt-LL rini,iL ,ion , ]i"g. 39 :. ii rc tbrcc 'urtv- I " ,I

hii.g•- tt-,ic-i'ata ' L rap, rt'dirdt'd Iiioin d Il fr'icL clni-.siii,--rh- i -u., ".-,

d nc' l h%,' Llv hoIi ,-, -,r ý,LLt iný:i. Tl'l Lt' llI, i rLtr ._ ,IL t,'lji li c~ }t ~ .;I: ,, ,l•}

.11L't' t l n I {[ c 1• , 'I~_ I • th(,1 tLhk ;'a ~ i}l r-i > {• in .rrlwltii t: i~ll , { ,.{L
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The DILTS experiment can he utilized for tile following applications: = fl

* Nearly amy p-n junction or S.chottkkv barrier having suitably low

1 rwa rd resistalic e to p e rmi t Conk eiŽjent chalr -ge ilj cC ioll on v the_

pulses cani be studied. Nominal values of 10 to 100 & have beenl

found to be most reasonable. I

* Jlunet j ns hnu-iied below the s-urface of the device c,-a ' be inial\zed

readily because cf the electrical nature of the measur(ements. -

ihis LCc-ilique is pairticil larl\ o seful fOr tud lg tr s, at till L Li

interiaces, o' epi-lavers and substLaLes Or for sLud> lu•g 1.::Lria1

behiavior under metal-eletrodI cant acts.

-LA
Lp iuaxi ,a± 1 i...... cani be ...*.:al .u d l',,d trl--n iŽŽ ,, dclc ,-t s in t r ,duced

in! tihe epi-reactor or created *t the interface withi the sublstra~te.

The experiment can be either a ro0tine ;,il,vs\-.is of epi-ba cies or -

-lf u ~ m il a • u \ nf trap p in g sta ite s in dev 'ice s ,-

S C IIoncentrat.1ioos Of trAps c.a he Pioiiicd hus a Iuoi t l iuul , L iit.ao

froLm tihe junction which Li particul arl utefI i ): ion-irephntcd

liver ainl |d I or device such .is KEA D did,- thaAt dLe)ie uIon ,L' t.,t1'

coneot ralt i1n chatnge.

'ici lo llow ing in form ation Mrav Pe utajo cd Il'em .a .2tl e, t r , i sIn, h I\mi , t -;

t 1"1115it'l •:•p.I it me o: -
1: 1

__ I



3-.

1. Sign of the Lrapped charge (electro.i or hole), which is revealed

immediately by the sign of the capacitance chan6 o. t

1:
2. Concentration and population of the traps. The magnitude of trh e

trap population is proportional to the magnitude of the caplac it.Anc i -
change. The technique may be scufficientlv sensitive for measuring

.12 . 3 1"

capacitance changes from as few as l0 centers: cm .

I

3. Thermal-activation energy or depth of the traps. The temporat,-o ;.t

whidc the most trapped charge is released per n it t i:e, is diS J t L I

relaited to the tl2rn',,,I-act ivOti.,n eneryg - the tr"p . At i o,;,Lti,,:.

energies from -. 0. 1 to 1 .0 eV in Ga\s can he: studied in tho smc.

s- amp 1 e.

4. Capture cross sect inns ancl K IOCt Ls of capture Whi il -ire Tr is'..rn-Vd !)Y

the shape of the capacitance change during charge in uct Lion.

5. Emission and recombina-oin kin-t ic; of trap ed IirceL 1k;i-ao.:. a

of the shape of trans inL decay c rets !.e 1ied s "lic en - s i o I .; Ic.- t ,t

the traps. The emission rates of dlfI erent trap-; nut. vrr> y s'.,., .

orders of rnmgnitude.

6. 1',i iI as a1 function of dcntlj of trappiAg en.ers. A pt , i l

clear-pulse height. (wh1liC!h determines the depict iotl v,.idth) ,i4 d

fnt i o- ; of change in cap>.,it tl - ".It'l1k t,! -Olt ali i; ot tl'-11' .-

I 'our ion ol dist .itll)Ct. L'- foite Iun;I i,.a.

],i,,



7. Minority carrier recombination. From the different widths of the

clear pulses, the hole-recombinationl .ý.te for the materialU cal be

,' I cu at ed

8. Separation of types of defects and defect clusters. Individual

defects or trap types have different uikermal emission raro• and

different recombination times, in some cases varying by several

orders of magnitude. Also, combinlt ions of defects have unique

emi ssion rates, i.e. , the properties of Z1, 0, and Zn-0 traps in GaP

have dif ferent thermal-emission rates which can be clearly separated..

L

9. RAdIiVLv aS ,Well as non-radiatlv, tr~insitionls Can be studied. .F

5.2 SAMPLE PREPAP.ATION, TEST PATTERNS, AND PRELIMINARY TESTIN;

Samples wvre prepared in basically two different geometries. In onhe case, the

samples consisted of undoped bulk-grown GaAs or epitaxial GaAs ,-own on

+
degenerate a "Ie-doped substrate material, on which the Schottky barriers '.,c' c

formed by evaporating Au or Al dots on the actLive layer with ohmic contacts ,.n

the back. In the other case, epitaxial (;aAs on sami-insulating ,GaAs was

fabricated into FET-like test patterns by mesa-etching and metal evaporation

u,,ing photolithographic techniques at AFWAL/AADR. One port ian of the test.

pattern is shown in Fig. 41. This die consists of four FET-like structures

(it ,i 25- and 12.5-1- gate•s), a simple Schijttkv ohmic pair, and a set of three

ohmic con t acts wJitl X and 2X spacinggs for distributed feedback anoýl,''sis.
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The wafers were characterized by C-V and I-V analysis, using probes in

attempts to determine variations in basic properties across the wafer. Maps

of these characteristics were generated to aid in the evaluation of the _A_

processing as well as the material, and these maps were used to select

individual dies for further study. Individual dies were cut from the wafer V
and packaged on special all-metal TO5 headers for use in the helitran. Tie

individual devices were wire-bonded using an ultrasonic wire-bonder. The - -

wafer and a bonded device are showTn in Fig. 42 and typical I-V characteris-

Lics shown in Fig. 43.

Figure 44 bhows the results of C-V profiles, tran.;Iated into N-W curves, for

two devices on different dies of the -;ame wafer. Tile wafer (R19) 1a 1 an

epitaxial GliAs wafer grown on a Cr-doped substrate. The dies (,Nos. 6 and 30)

exhibited drzmatic differences in carrier profiles. Light chemic-l.] etchin•g

ct the surface enhanced the apparent buried layer on Die 30. Sharp-I ine

pniotoluminescence data taken by D. C. Neynolds indicated large difierence,

in the qh:l]i..,o center:, of the two dies.

5.3 RE:,SU LT[S

l'he resuilt. of these Studies are divided inLt three maiui cdtegorie,: i ,:I

impl antationi, device-grade FET material, and miscellaneous ;itudi s which will

inciide und,,ped s'astra Le material and i .stud> of elecLrun damage in t;oA•

Iii
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Ion Implantation

DLTS is not currently a standard techiique for the analysis of ion-implanted

layers. Therefore, great care must be taken to assure that tie equipment is

performing adequately in more well-known sample systems. Figure 45 is a DLTS

spectrum obtained from an "as-grown" piece of vapor-phase epitaxial GaAs on a

conducting Te-doped substrate. Two DLTS peaks were observed which represent

native defects in the material. In the literature, the peak at 200NK has been

associated with a Ga vacancy through circumstantial. evidence. The peak at

374°K has been associated with oxygen and chromium. These peaks were very

well behaved under DLTS analysis and yielded uncorrected thermal activation

energies of about 0.47 and 0.97 eV. The DLTS "figure of merit," AC/C, was

10- with a sensitivity-above-noise of nearly 10-. This is about 'state-of-

the-art" for DLTS. Also, the heating rate employed was selected to yield

nearly zero thermal hysteresis.

I -

As a demonstration of the system, a rough profile of the trap density was

generated using three differe-nt reverse-bia!; pulsO combtnatiIns such that thei

trap signal originated from three diff.:rent spatial regions bel ow the surface

of tihe sample. Data from these experiments ;ire shown inI Fig. 46. From tLhese

signaIs the trap densities were calculated; from the blas conditions, thL

depletion dUpths were calcul.ated. Thu result., ;i u shown ill Fig. 47 superimn-

posed oi Ohe original N-W ploLs for the carricr concntnLratl(ilis . The trap-

density curve is parallel Lo the carrter-cWIctntrit ion protif iI, hut of tsut by

three orders of ma~gliLude,

As I urtlher deinomIstrlt i~o ()[ tLhe t•yHtIAI l,1d t-c iljIih I 11c, lhis v'iit ;Xix i I -ipl k.

wai sil)]cc Ltd tO 1-MeV •-!(e'tlroll homh;i rdmu t t i l d • -s f 2 10 C M-2

I -
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yielding a 1% carrier removal. Figure 48 shows that the native defect at

374°K was unaffected, and the native defect at 200OK grew accUrdii'g to the

weLl-kiiown production rate of the radiation-dlamage peak kno'.nl as E3. Tihe

sharp low-temperature peaks at 35 and 75 0 K (known in the literature Is El !
A

and E2) had been observed on numerous occasions. Figure 49 is a plot of t-ieu

DLTS spectrum after 2% carrier removal hb electrons. These figures indicate

excellent DLTS behavior, excellent sensitivity to very modest electron irradi-

ation, and excellent thermometry.

A large piece of the same VPE GaAs wafer from which the as-grown rand

electron-damage spectra were taken (Figs. 45 and 49) was implanted with

Ar+ at 150 keV. A series of samples with different annealing conditions was

prepared from this slice. Figure 50 is Lhe DLTS spectrum from an as-

15 2 4
implanted piece that had been implanted to 10 /cm . The native defects

wiiich yielded peaks at 200 and 374°K in the as-grown and electron-irradiated

samples were observed again. Peaks near 75°K may he complex versions of the 2

17l and E2 electron-damage peaks shown in Fig. 49. In addition, several new J
peaks were observed and a very large peak at about 260°K dominated tie spectrum.

Cleariy, the ion implantation of Ar+ haz treated considerable dam;Age. Figure

51 is Lihe DLTS spectrum obtained from an as-implanted sample tLht hid b1eefl

13 2
impl]aneCd to a smaller dose of 10 /cm . rhe structure and magnitude of tCe J

damage peaks are consistent with the other data and the different dose.

Figure 52. an Arrhenius plot of emission rate as a function (of reciprocal peak ,

temperature, i!ý used to determine the tlherma l act ivition energies of the

principal peaks. Plots for the two native defects at 200 and 37'4'K, plus time

p1ric ipa;l ion-imptant peak at 2600K, are shown. The curvese a rC V,,ry vCw|I
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behaved and easily yield the activation energies. An identical sample r
was annealed to 300'C in an Ar atmosphere. Tn the DLTS spectrum shown in

Fig. 53, most of the small damage peaks were annealed, and the native defect

peaks a'nd Ihc principal ion-implant peak were unaffected.

Fj .;ures 54 and 55 are DLTS spectra from a sample that had been annealed to

700'C. The sample was implanted, capped, annealed, stripped, metallized, and "

then pack.tged. The spectra shown arc for different emission rate:s; it i• j]
obviouis that the large peak is quite complex, ,,irh numerous components that

,:.,n be resolved by the emission-rate selection. The detaliled nature of th.hes

peaks is- unkniown. It appears that the native detects as well as the damage

peak.s have shifted and complexed.

4..

Figure 56 is the spectrum obtaired from :-. sample from hc samc ,.-Lfcr, ,'hich -_

was implanted at the same time, capped, and then annealed to 8500C. fTIe

spectrum is dramatically different. from the previous runs. The majoritv-

Li=

carrier emitter at about 200'K may be the nat ive defect observed previously,,.

Th[e ve ry large peak at 400'K is of opposite pL)1aritv t,- L, e'ins d('t.! aInd

iiidicates the presence of a minority-carrier vimitter. fhis situahLi-I- Shl•kiti

IoLt oLcCur inl ;I Schottkv device, and this mayv be evidenice of thcrmna] conver.si,,-:

to p-Ltpe material under the Si N, cap during ihigh-tcmpcraturc annea;lling.

"1l hrmal conversion of GaAs during hnneal i ag Irs ecCI discussed at I• 1,gt.h i a

prLuvio s sect io s t this rep",rt. "f1i1 Cip used or tillis ý,L-t o! .aiiiiil

iflpe.4rl'a 1 t, e hi'4,,4j visutllyv and wai> deL Iricohll V; 4,cc41i'tlc- hr >,.listri•tt

mIterial . hhLwever, in this Case tC L ' Ip Ltaxial laJ'er is ver. v ir i ., i d. I iý ,r u d

-Ilid Lite propertius of tLie cap could be very; differeuit Irn•7 thosec I 1 i 1 •ihslr.

> :4

- -{-- -



II-

tIA

-o p
° iU

CL

Eo

< <00-
0 +

a.I

a >l 0 m.
( l'7

"IS
*~



cr.

crr

w

CY-

oo

oz

a.r

2- C)

t3 1 4  ..

3SNOdS381 SIlO

1.17



c-r

D 7-

0w

0

M= -

0- <. t

t-..

4f•

I-

( SiINA "1v) ov

128

o 6



+f

i -

CD

00
LC)O

*I, *3•

cli D

CC

0 ~wz

r. [

I- '-

w -

ww • Z

ZZ

,_ ,

ov s~i-ial

'.9'



r1

A large piece of epitaxial GaAs was implanted to 10 cm2 with As ions. A

series of samples was generated with different annealinlg Lemperatures;, as wais

done for the Ar implants. Again the dose was quite high. Considerahle I
difficulty was encountered with the Schottky metallizatiOn after anneaifug. 4
Many of the diodes were very leaky, especially for the samples that had been

annealed at the highest temperatures. Figure 57 is a DLTS spectrum obtained

from an As+ implanted sample annealed to 700'C. In I his ca c, the- tevcrf

bLas was 2 V, and the sample was pulsed o)nLy to zeroL. Thle built-in potuntiail

of tie Sc hottkv barrier insured that Lie i tu uIse won-1d IL 11 ILctC tiltc iuilt-i-

depietion 1layer; hence, the region beting sLudied did not itlu Ilide Lie tiMpt cint

layer (the built-in layer is larger than the implant range) . In i.Jg. 5/, ai

large nattive majoritV-carrier cmii LtL it ,iLbut .,J0 0 •K donittiiet-, the L [iill.

If Lthe pulse is increased from the hias of - 2 V LO + 2 V , dLie :spu.t-ruim

ohtLained is similar Lo Lhat in ilg,. 58. T'[e naitLure of lifho DliS guni

changes complete],y from a majority-carrier omitter 1i i- ri-type ).)it ,ria) li,

a majority-carrier emitter in p-.type material.

AL thi.- time, it ha,.s inot beto n ost.ahli •I1u C'hc ei r tiIl. in;itcr-,i I C1,l;Vc'.lt , I-
+

typc b ciluse .of Lhte As iiilplati tor . iittlcr tlhis Is iii c, t 11 thtlni., I

ctivLers iin lduritig anneallng. in dl :;ce cans:idrl t)bht ijy tIl1tii tc u.-.i. ,

sLudy tOIL' deep centers created during i nt i luliiiplt;iLi,.)l .u:id ILts .hb;cq'utim

itir-.

L

lnt i~l il tem ts .o meas•ure. Lilt: I)J.'I'S cl duvcvJ: ->.r,d, ,;i.do•l sti i t:u , i ;

Cr-11,p.d ul:, _ ribliLvd III Vc'": !e•p' ' I, t IIt Ft,l C',,( ii, 1

II
5~i

====. -~.,-=~- ~ -=-=-=±- - ~=- --- -,---- ~ = ---- - ==~±==-.- ===----== . -.-- ---- ~~- -- -- . - = = = ..
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random, rather violent noise with some very broad (200*K-wide) peaks that

could not be resolved. In the literature, references to the effects of high

fields iin an FET channel and the distortion of capacitance measurements in l:

higil-impiedance situations indicated that it would be more prudent to look at

+
very thick, lightly doped layers or epitaxial layers on conducting n sub-

strates. Further development of the electronics and the addition of the

buffer/baseline restorer to the system changed the situation completely and,

as a result, gotod, noise-free signals could easily be obtained from device-

grade material on semi-insulatinq substrates.

A,\ example of this effort is shown in Fig. 59. T'he1 ILTS daLa shown are fromn

ax FLET-likc device fabricated on .111 actLIVe layer of VPE GaAs which was 0.25-;.

01j,:k, ciLih ,i carrier conceuLtralt'ol 0 1 i "tcm . 1Lh aLctivv ia1\ur w1- ): I I

buffer several microns thick and a Cr-doped substrate. 1'ho ro.se 1:.:

siiilar to DLTS spectra from other wafurs, although the temperature de-idence--

especially for the 300'K peak--is I ite l)uzz ling. Figure 60 i.ý ., spectLrum i

from a similar wafer, grown consecutiveiy to the wafer which Vie]ded tihe

slL ~rtmnill Fig. 59, lhie peaks in Fig. 60 ire sonie-liat marc j,imili ir, with

Lie ILpeak at 375°K probably being the one n0olmil]\ ,een aIt aii)O'K, Ill bothLi

somt! response was observed below 75
1K a•nd near 200iK. 'i ac primar.

p-'.ik.s wc V Vt ry w-ell behaved for energv . ,I>-sis. "h'ijt principail poik.: w'..

"X,,'rv lrg', In some cases driviig the bioxcar olit o l rangi, JTiltc pa'lks r

VL, -iLfssitLive to ipulse dur-Ition an1d se:Med Lo grl'0 ;iL I Jineir rite ý.itL

ll-t'risilig poiler duritioni. ALL inteurettin, fc.it-irc ,,! til , l ttl-,-

lic I)i1S pcik -;iiilth . s Ions LLnt wiLl.l i L o-r jo:, g illS l i0l0 i .it' , k- li ,, it I,:;, .'

r-!i t iwo'.v si n~plet, trp ui;,sc tiptture tLos-. :4cct i'll ,oo Ic ct- itcr51, i td.
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Figure 61 is a very different DLTS spectrum. The wafer, RI9, was again anl

17 - 3
active laver of VPE GaAs, doped to 10 M o7 a but fer and ir-itpt'1 h t

In this case the epi was grown by Teledyne Corporation on a ?'iOg;L, ti,.,

subscrate. This sample wa',s ola die adjiacent Lu Lit'flu whose t:ioi•cti'rtL Otut'

profile is .hotwi in Fig. 44 that had a buried donor ladyer near tOILLative-

layer-buffer interface. The sample had also Ibcen irradiated witlh 1-McV !

electrons, It is entirely possible that the peaks shown in Fig. 61 are El,

E2, and E3, created by thu ele2ctroii damage plus a ilL-tiLtL~tiU, naLi\:' j
defect, thol have been shifted to lewer-than-normal tellpcra)Lure's byv Lit,

iiigil-field distortion iii tie hig!h c-rri,_,r CtiOCentrU, I!,P. Si t iLL p • ,

well siaped (not truncated), thev' mav' lU defecLs .t tiLe O intter'l'Ic-I tkL ti Lt' pi

and substrate, rather than distorti..n.' uf tiLe da,!ilge- pea.mks. lunr riri c *.rI Litl

1-\ chdaracteristics Of the I:ET were nteasu~ed at ver', t. ip,' Lu'l-Q HT wf.v

with a curye tracer. 'File results are shown in the iLii-uit ol l ig. 02. 1 liu

forward res s is.Lance is shOlwti to be Li I't1..' thousancid r, iis--' : iiitLv i I .' Li ii i•: i ti I

to cause hIi gh-inmpedance problems with0 Lthe capý i ,2it.iL 1110-i ttnll ruutciiL t. ' i iri' 0)2

also icOt;Lins tie N-W profiles of the sTLmple a-s gil'Crated by C-V Ic;Ly.Ir'LIILLL

taken ;it iow Lempu raLtures,- It is -leIar tilt t lie' .itL i\. c I;al', L" ia I ii

dc'pieL dci at these temnpuratures, iutL s.isi)tle profi lie ,,f tln: o!i,st ,t. .,:,

interface are -;tLill obtained.

The therwil-act:ivation energies of tie ,l Inc1ipal v(a ks weure detLer citI ned III l,

usual mannet . The Arrhenius plots ,ire ý-iowit in Fig. 63. 'Titc I i I r 1 ,.

II

siiowi iii F~ig. 61. as octcurritig atL 21 0 K, IL:LJ il ;•Lt ivt li iim t'utr'i,% v,1 ,'i,) nV,•'

]liii e i•u id )2I~k, atl 570 K, ha;d ati *t.:t j;at if titt 1l;i'.' 31 ' Li'm'V. 'i1t';•. .' r•i'

are less thaill thoseg norlniall>' observed f,,r ci -,:Lrtn•-d~to,,L 'd C;i\:,. fl'' ,,~tI I-,

titc tti vtti tnki~l enere gies are severt|i imntited lL'n.C. 'Ib'll tlul'cI ': It ' , ht ltlt'l I''i,'t
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are more of the order of donor levels and are much lower than any reported to

date for trap levels observed by DLTS.

i1. should also be noted that the thermal activation energy of the peak - I
observed at 175'K was 0.23 eV (only a factor of two less than normally

observed), and the peak at 375'K had an activation energy Of 0.60 eV--a3hoIt

50% less than previously observed.

Niscellaneous Studies

Numerous studies of the DLTS of GaAs wece conductLd for tle puCpose of

building the system, checking the results with the literature, anvd s;urveying

tuie presen,_-e of tr:ips in various forms of the materizl. TVi first DiL S djt-ti

in this laboratory were collected from a sample of bulk-grown, undopud (;aAs

with a nominal carrier concentration of 101 CM SchOciky dots were

evaporated on one surface, ohmic contacts made to the back,and the transient

capacitance measured.

Figure 64 is a typical DLTS spectrum from these tamli Cs. The sign ,1f tuI

DII'S is reversed in this figure (the traps were maijoritY-ciýrrier emi ters)

Tie traps observed are veiv similar to the native defects ,, obscrved in th cr A

samples--especially the epitaxial samples run at a later date. The varin;it rn:;

may he due largely to thermometrv differences between tlhe iii,,it L an ,iir f i;

stages of the system development. It would be useful- to ru-run thesC ;tuddiu:

with the ntew equipment ani l(ook for tLhe subLtle differunce s be twete ii Cr i' a

-,rms (bulk vs. epi taxinil).

I
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Extensive DLTS work was performed using epitaxial GaAs irradiated with I-MeV

electrons. The production rate of detects by I-MeV electrons in GaAs i.s

Sfaily weil understood and provides a good set of marker defucti in a range

suitable for DLTS. During the course of these investigations, some aiionuil.iQS

were observed in connection with the FET-pattern geometry. A paper was

published on this work and is included in Appendix E of this report. Figures

"-65 and 66 are typical DLTS spectra from the electron-irradiated samples. The

differences in spectra were found to be highly dependent upoa the emission

rate set by the boxcar window and the reverse-bias condition,: on the activf2

buffer-layer combination. These studies were quite useful in developing the

DLTS system.
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Section 6

OPTICAL STUDILS

6.1 MAGNETO-OPTICS OF FREE EXCI10NS IN -;GaAs ANI) InP

in this chapter tile optical studies that have been carried out on GaAs and

tlP are described.

I NTRODUCTIOIN

During the past twenty years, a great deal of interest has existed in both I
experimentAl and theoretical inve.stigations o) the behavior o0 Wannier

excitons in semiconductors in tite plrezenlcu ill a manetic Lfield. A .eal L
I

of data in both elemental and compound semiconductors h.s. been obtained. '4

Several FeatLures of thAese data, sIChI :IS Lithe depenideV of Lithe eneL'rgy

trum upon polarization, could not be explained in terms of a, model involv-

ing simple parabolic valence bands, It soon became obvious that any suc-

cess ful atLemptL to exp iain this lhulav ijr .;hoiild inc Iude tile degenerate A

'43anid all i4.oLtropic nia tLure of tilevIlC bndllsd. ALtCarel Ii 11nd lcA ]iri 4

tiSiknki, ndCoe l., calculated the energies of the ground

StaeL t) i nll eXcio In ll 1ow magnetic 1 I. l s using c ''rtLuriL ion ;j pIroa,.ii

and including the effects of anJsotrepx and degeneracy of the \valence

46 1
bands. Al Lrel I and Lipari Jater exteCnde•l tHeir ,aculations to high

magneLic fields ulsing anl adiibati( ýi)PrL)xi;iIaLtinn. An int-r'sting rCgil<, -
frtm the exper-imietA]. viewl-ilnt, Iwver, is the intormediit e one (stil , e

20 to 2oO k(; inl (;aAs), where mo(sL ot Lo c t H ielslllr'klre ts )l-l,;'L' beelln l ide.

I
Ii

I ~ I
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The following work describes a calculation of the energies of the six T
lowest optically allowed states of a direct exciton in a cubic semicon-

ductor in the presence of an arbitrary magnetic field, taking into account

the effects of degeneracy and anisotropy of the valence bands. The

exciton-effective mass Hamiltonian used was first proposed by Kohn and

a7'
Luttinger. This Hamiltonian function is solved following a variational

approach in which the exciton wave functions are expressed as linear corn-.".-.

binations of the eigenfunctions of an anisotropic hydrogen-like system

in a magnetic field. Using the experimentally suggested values of the 1
various Kohn-Luttinger valence-band parameters in (;aAs, the energies of

these six states in GaAs are calculated. The results thus obtained are

compared with those derived from magneto-reflection measurement:+ of high-

purity epiLaxial layers of GaAs, and good agreement is found.

Theory -

Withiti the effectLive mass approximation, the Ilamiltolian of a direc c excito

il a cuhic semiconductor, in relatLive coordinates, cini be written as 43

L?

11 = H (Bxr) - Civ + 6 ) : (

where -1; is the applied magnetic field and c is the static dielectric

constant of the medium. The corresponding Schr;diiger equaition it

i!i ; I ':. • (3)

It E-I

ex

¶.4I'Icr'Ih( t,'IVU aL' function ;. because o)f thic faiur-i Id dcg~ OIL' thu lipL'I



valence band (the split-off valence band being assumed to be quite far away

in energy) and two-fold spin degeneracy of the conduction band, is an eight

component function. Equation (3) is actually an 8 x 8 system of equations

which reduces the two 4 x 4 systems of equations for negligible electron-

hole exchange, as is assumed in the present case. The electron and the hole

Hamiltonians, H and th, respectively, can be written explicitly as

H (k) = + g B (4)
e 2m ee

and

-k (k .12 2 2 .5
(l+- + k2 T2 + k J-
m 1 2 - 2 x V z Z

- 2-(k k I tiJ J + tkyk -. ,J + ,k J.J ,j ,)
3 xV x • z v z 7 x J z x

e e j S k_ £ .• -. e (9B + J 3 z

c B c q X X V B + + zB (5)

where "1' ") "3' and q are the five KAoh-Lurttiriger parameters;47, 1

and J are the 4 x 4 angular momentum matrices corresponding to t he .T = 3/2
z

state; is the Bohr magneton; {A B1,\ 1,'2(.\, + BA); m is the freet
0

electron mass; and me and ge are the effective manss and g-value of the

clnduction electron, respectively. Assuming LliiL ib a lng ("e t!ft

cuhic axes--say Oie z-axis--and using t ie standard cf.opress ins fr ti:t'

angular-mti.Tr n.urm matrices J. , M , iild .J for this , ei. c t(X- c ,i)tox yv

liamiltaoni~iI• can be ca-,a in a 4 4 matrix:

4 7
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HI1 - -½ 2T

' t et
yKP 2 i'0

22

-K 2 K (6 L
•K+ 22 O z2-

were
I10 K P 0iK ()

W?2 + z 33 4(6

4 2 2

0 0 P K)4

where

e- + -* x •r

2=i+c (7)

tK,= KX• i K y(8)

U U

and wliere energies are expressed in units of R 0 0 e U; h2 and iength~s inl

h2/, 2
units (A a = E e and the reduced-magnletic-field pa•railcter

O 0

5'
2hB rR" 2)i

14$ /6

- m .. I. -M .
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IV

i.s introduced and

j.1

+ (10)
ii m 0 me

defined. In addition, the new mass parameters, such as pi's and in, are 1
defined in terms of y's as in Ref. 46 and terms involving (y 3 - y2) have

446dropped since these are small in most semiconductors. Each diagonal termn

in Eq. (6) essentially describes the Hamiltonian of an anisuLropic hydrogen- -!}

like system in a magnetic field. For in.stance, 11 has Olt form .

2,, 2i,~2 ~
+ + 1 + (xP V PI!P' x y •l z v "

o 27 ? 1 2" 2 2
m(3< + - + q) + (x2 + V) 1 - 2/r (11)

The other terms have expressions very similar to that of H 46

A

It is obvious that an exact solution of the Schrbdinger equdtion corre-

sponding to the exciton Hamiltonian cannot be obtained. As pointed OuL A

earlier, low-field (f << 1) solutions using perturbation theorv and

high-field (y 1 1) solutions"6 using an adiabaLic alpproc;:ýli have been c

obtained.

To briefly outline a calculption of the energies of thC -ix Iowes.t

optically altowed states of the system in te presence of an :arbitrir\.

magnetic field, a variational approach is followed, siiilir to that (if

46Aitarelli and Lipari. The basi6 functions, however, are more general

than those used in Ref. 46 and are more appropriate to the -irhitrarv A

A

149



values of the magnetic field. The use of the,;e hasi functions reproduces

both the low-field and the high-field results quite well.

'riTe first step toward establishing a basiis set is to consider the diag,,nilI

terms of the Hamiltonian described by Eq. (6). Each of the four diagonal 4
terms describes essentially an anisotropic hydrogenic system, which cannot

bc exactly solved analyticaliv. However, " stro ightforward nimerival

method which has been used to calculate the excitat ion spect?1; of ail

48 .
isotropic hydrogenic sv;steni is easil-' adiipted to this prohlem. '111

metu•od ess:entially involves expressing the wave funotLiltons of Uiut ,ii-

tropic hivdrogenic system in terms of a hiisis sot which rel le or Lto ti

'Vimm t rv of the syvstrni and jis eas'.' to list'. Silitv: Lit o';Le ii ',

invariant. under rotations about the z-axis (magnet ic-I Ield axis), the

z-complont (mi) of the total angulaIr momentum is a god quanitum nimnber.

In addit-ion, the Hamiltonian is invariant Under reflectLions tlhrough tLhu

origin and, therefore, the system wave fulc Lions have dci inito p Whricv wlhi.

is specified by a factor of the fo'rm zq, wihere q is a Aousmrvud q(u.lltlmi

numbier, (I = 0,!. Ihe remainder o)I the .,saVO utfulI Li on is choe.nL(M 1 ot" ior

:-ilpliicitV for use in numerical cah.liilations .and 1,,r j ahi I It'. , rLr,'

dui:c !'.v.dr,,gcniv" void Landau W\avv ' ftilitt i,,;1:,. "l'th c L.V " Ill'y1 :I

01 an an ibtitropit hydrogen-liku s vystun call heu exprs.-.d av,

n p m .~ A . 'ii M ( i ' : )(
np i ,.hi n 1

1,1 11



where " Ii
: (tim= j ml q (a 2 + .z) (13)

qni (a i e p e z(13 A:

n is used to label different states witi, each set of quantum numbers 41:
A

-and uand 3 are the variational param, s Thus, 9 ---i
H .s = E.5 cs

o t nqm n nqm (14)

where s 1. 2, 3, and 4. Then to solve for the uigenfunct iOn. and the ti
eigenvalues of H , a standard variational approach is used. To minimize (1
tlhe computer time, ev.rn-tempered (;aussijain .ire used where needed oiilv tLO

determine the smallest and the largest exponents from -a and I- sets; the

other expcnents are givcei by the geometric progression between the extreme

values. In the presence ct the off-diagona L erms, the solutions of Eq. (6)

will be some mixture of the solutions of the diagonal term: .T wu:;, .,ne

can write the eigenfunctions of Eq. (6) as

i "( , mn)
-. t.,((O, m + 2)

Vnmi=

(I + 1) +

11,(1, m + 3)

51 1
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-4

*where4

H
() - nqm' (16)

"* 1:
To solve for Eq. (6), the Hamiltoni ans must be ev -iuated for the excitonl

I-states, withi the values of m ranging from -3 to 0. Obviolusly, these are

not the only states of the system, but they are the only ones which can

he c re aed bv one quantum obsorpt ion. In .. ddiLi)., thu symrnM.trv ,l tao'

LX"Witon tMALo0ian recaires that all :omponeietsa oi til envelop wvoe un,-

ion hiive even parity. Therefore, the HNO Itonian [ Lq. (Q) N~ ovjltiitA

s.c. !-.r m - n Illd Lthe Varios elements of the wolumn mtrix i ru scn'

I IC;, [• , 1 0U. Eachi of these eletý, NI1Ls is further expii:idoc il tol,•s ol

~ii;c':i-intLions of Ht , the diagonol eJt-I;!Lt'II , ,'i t Lili' l. iloui.i:i. biese ,

eigenftl- t ions of H are further expressed aws linear comnbina t ions of
ss 'mq1

(-a,) as explained earl er. The number of 1 ;qm 's used in our c;±ii:Liitioiisj

is 42, aond the number of X (mq ,r)'a in each i 12u. These numbers !'1

of th[e Ii., iO functions seem Lt) le ,dequate for tile present purpose. Using -

lias bhsi" set, thi lwest eiiergy level is caic•' ilJitod hv d igo.jliz lug 1< t;,-1

liiii ] Ltoni an numeric all y . The proc edo re is repe.itid for nm -- -1, -2), zind -3

and Lthus all of the four lowest energy levels ire oh lcuoted, crrespondil,', A
Lt o . 3,2, 1/2, -1/2, and -3/2. By ,,nc u'rpor.ti thL LtoJ posi-n 1o v2 i.1t:;

of the electron spin, eight distinct energy, lveIs are obtiIned. 'Ilie var--

ious opt i'al transitions are tlien defined is 'f
4

N
*1 = +1 *, "--

>.1 "- 1 1

I 51'
'I
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4.

where M is the z component of the total angular momenturn to the hole and

*the electron. The selection rules for optical tranii .Lions. depcu:ld upon

* ' .the experimental configuration and upon the polarization of the electro-

magnetic wave. In particular in the VoigL coni iguraLion (i e., kini thll%

direction of propagation is perpendicualr to the magnetic field), all of

the four c lines and the two nlines are allowed. In the Farada% config-

uration (i.e., for propagation parallel to B), only four transitions are -

+-
allowed--two for z polarization and two for polarizzat ion.

Comparison Uith Experiments

The energies of the transitions calculated are compared %,i thosu deLtir-

mined from magneto-reflection measurements or, hligi)-purrit.v cXpiLax oi'.

la,'ers of GaAs and inP dL 1iquid-hl.c1iLure teypcritUre. F:ir-! ,',siI.r the

'49

case of GaAs. Recently, Nam, et -a .,4 mea.sured thek vilurgic, Llf Lilt!i

c lines in the Voigt configuration in GaAs in miagnetic ficids up to 45 k-,

whereas Hess, et al.,50 have studied both c and - l1ne-s in fiuel ds up to

200 kG using Lhe Voigt and Faraday conffiguration.s. DuC to -he VL'l-V high

resolution ,f their spectrometer, Nam, etL. , were able Lt, re-solve a.l1

four o lines at fields as low as about 25 k(G. Using exper imeint a i i kioiiv-

values of the conduction electron band mass (!n ) , tihe ,Liti- diul tet ric

constant (L), and theoreticallv suggested Viliucs o• tihl various Kohn-0i

LIuttinger paritmeters of l~awetz (see Table i10), thc t vl( t ,T- .x (i f Lhi- si::

optically allowed transitions were calculated as a function ()f theitguuL i

fjehl. TIe tlooerl,.' does no(t Lompare well I itU tieu e:.:pe rimul.:t

153
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TABLE 10

VALUES OF THE BAND-STRUCTURE PARAMETERS OF (aAs. MASS PARAMETERS
-me, Y1, '2, AND Y3 ARE ALL EXPRESSED IN TERMS OF FREE ELECTRON
MASS.

ji gY Y q Ref.

0.0665 -0.44 6.85 2.1 2.90 1.2 0.04 50

0.067 -0.06 7.65 2.41 3.28 i.72 0.04 9

TAIBLE 1J.

VALUES OF TIlE BAND-STRUCTURE PARAMETERS OF WiK'.1A5, MASS'AR-' EI.RS

me, 1, "2, AND Y3 ARE EXPRESSED IN TERMS OF F"REE WYIwI:CTRON MASS.

me g ' 2 '3 q Ref.

. ()803 1.31 4.95 1.65 2.35 .97 J. 51

0.0803 1.2 6.28 2.08 2.76 1.47 0.01 0 1



50Hess, et al., have fitted their high-field (y > 2.5) data with the adiabatic AN

theory of Altarelli and Lipari 4 6 and have suggested a different set of Kohn-

Luttinger parameters (see Table 10). The energies of the o lines ar no,,',"

calculated using these parameters and are compared with their experimental
49

values as measured by Nam, et al., in Fig. 67, and good agreement is found.

In Fig. 68 the energies of the c lines thus calculated are also compared with

their experimental values measured by Hess, et al. 50 at high magnetic fields.-.

In Fig. 69 -1 similar comparison is displayed between theory and oxperimoet I
50

for - lines for high magnetic fields. The theoretical values of hoth "

and lines calculated agree very well with the experimental vi, uts in Ca\V-"

at all fields.
tA

Recentiv, Nam, et a ., have measured the energie, otf tLh 'i i c

Voigt configuration in InP in magnetic fields up to abouL 40 k;, v..iereas

Bimberg, et al., have investigated the behavior of the ýý and the line

in fields up to 200 kG using both VWight. and Faraday configuirations. tlyin n

tle experimentally known values of the stat;ic dile,-triC colstant (L( ) nd

tlie conduction electron band mass km ) and theoreticaIllyl pro l,-0S(.2d v; s II
U

53
tLe various Kohn-Luttinger parameters Af L..ivaetz (.;e "l'u c ) , Ai c 'r 1 ..

of the -iix opt icu•i lv allowed states have again be'en cA,• L vLIt d i .; ialLICLiti.!

of the magnetic field. '1he agreeeltn hneLteue thi e tiLthretirit i il md u:-..eri I.,t., I

53
values is not good, Bimlerg, eM aiI., hovu fitLed Liwitr ligi: fie ld ( .- .J-

data withL tLe adjahatiC theorv at Re .. A" and a:uvc prnl neh .i dil l l-vet sv.'

of KolI-luttinger parameters (,see til e lc ) ,si; thl:e: P ifl r' t1lL'

cllrgh-L of tint' : ]J lils ire ,c, alculi led Ld or)l:ipirl(_'J "..'iLl; thiir ltz.tiiiil L.,l i I
V.il I ii :; a.s, ne.!-.trl ,l biy NitI L , et l;i !'! i_. 7i). 1!t Ii; . 71 ii: i J . r I.

caJd -u]iLCLI Villu - i" ttil , lines are coii).!rc ..i i Iir .XleriM(llt It.l

I'I
I ~ ]
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values as measured by Bimberg, et al.,53 at high fields. In both cases a

good overall agreement between theory and experiment is found. Similar

agreement has also been found for the case of 7r lines.

The magneto-optical measurements on the exciton states of semiconductors

along with the use of the appropriate theoretical calculations, therefore,

lead to the reliable determination of broad structure parameters of these

material.s.

6.2 BOUND MULTIEXCITON COMPLEXES IN GaAs

Several groups recently have reported observations of relatively sharp

photoluminescence lines of energies less than the energy of the line associ-

54 55ated with an exciton bound to a neutral donor in silicon, germanium and

56 57silicon carbide. Similar lines have also been reported for acceptors in

silicon, although the study in this case is not so detailed for the donors.

The energies and the widths of these lines were such that they could not be

explained in terms of any recombination mechanism involving simply a single

exciton bound to a neutral shallow impurity center. A model involving a

multiexciton complex bound to a donor (acceptor) was invoked in which each

line was associated with radiative recombinations of an exciton in the bound

multiexciton complex. The behavior of these lines in the presence of

58 54 54magnetic and stress fields has been studied, and some doubt has seen

cast on the donor-bound multiexciton complex model in silicon. Recently,
59 60 61

however, Herbert, et al., Thewalt, and Lyon, et al., have investigated

this problem in greater detail and have been able to answer successfully the

objections raised in Ref. 54, thus establishing the viability of the bound

multiexciton complex model.
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The following describes the first observation of at least six sharp photo-

Luminescence lines with energies less than the energies of the lines associ-

ated with a radiative recombination of a single exciton bound to a neutral

acceptor in high-purity epilayers of GaAs at liquid-helium temperature.

This, as far as we know, is the first observation of such lines in a direct

gap semiconductor. It is proposed that these lines arise as a result of

radiative recombination of an exciton in a multiexciton complex bound to a

neutral acceptor. It will now be shown that this model can explain the data

satisfactorily.

Experimental Details

The samples used in this investigation were high-quality epitaxial layers

grown on semi-insulating GaAs:Cr substrates using the H 2:AsC 3:Ga vapor-

deposition technique. The samples were not intentionally doped, but tha

spectra generally indicated the presence of zinc (strong), and sometimes

carbon (less strong), acceptors and at least one unidentified donor (perhaps

silicon). More than twenty such samples were investigated with similar

results in all cases.

The samples were mounted in a strain-free manner on one end of a sample

holder which was, in turn, placed in the tip of a glass helium Dewar. The

mounting was arranged so that the samples were immersed in liquid He with

provision for over-vacuums to lower the bath temperature to the range

1.2 - 2.1*K. A krypton laser (6471 X) with pump-power density of the order of

235mW/mm was used to pump the luminescence. Spectral analysis of the photo-

luminescence spectra was made with a modified Bausch ind Lomb 4-m
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grating spectrograph employing a large high-resolution diffraction grating.

Reciprocal dispersion at the wavelengths of interest was approximately

0.54 A mm 1 in the first order. All of the spectra were photographically

recorded on Kodak type 1-N spectroscopic plates.

Wavelenrgth calibration of the plates was performed by fitting well-known,

interferometrically determined neon spectral lines to the grating equation

using a non-linear least-squares technique. A wavelength-to-energy con-

version factor of 12395.13 X-eV was used.

Results and Discussion

Typical photoluminescence spectra are displayed in Fig. 72. The lines

marked A1 , A2 , and A3 are due to radiative recombination of a single exciton

62
bound to a neutral acceptor, which in this case is zinc. The line marked

A2' results from an exciton similarly bound to a carbon acceptor. The initial

system consists of two holes and a single electron bound to a negative ion.

Within the framework of the j-j coupling scheme, the two holes--usually
56

considered equivalent, each having a j-value of 3/2--lead to two different

states with total J values of 2 and 0 which are split in energy due to

electrostatic interactions. The J = 2 state is further split into J = 5/2

and J = 3/2 states due to its interaction with the electron spin of 1/2. The

J = 0 state couples with the electron spin and gives rise to a J = 1/2 state.

Thus, the initial system consists of three distinct states with J values of

5/2, 3/2,and 1/2. The final system, after the exciton has recombined, con-

sists of a hole in a singlet J = 3/2 state. The three lines AV A2, and A3

arise as a result of transitions between these systems. The separation
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Figure 72. Photoluminescence Spectra for GaAs High-Purity
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between A1 and A2 lines is about 0.35 meV which is about twice the separation

between A2 and A . The localization energy of an exciton bound to a neutral

acceptor is about 2.75 meV, whereas the binding energy of the zinc acceptor

is 30.7 meV. 6 2

On the lower-energy side of the principal-bound-exciton (PBE) lines is

observed, for the first time, a series of six sharp lines with a constant

energy separation of about 0.17 meV. These lines are observed only in those

samples in which strong PBE lines are also observed. In the following several

possible models are discussed to explain the origin of these lines. It is

proposed that only the model involving an exciton recombination in a multi-

exciton complex bound to a neutral acceptor can explain the observed spectra

satisfactorily.

The first possibility suggested by these six lines is that they may result

from two different sets of PBE transitions associated with two different

chemical acceptors which have different binding energies (larger if Haynes'

rule is obeyed) from the one which gives rise to Al, A2 , and A3. The

energies of these lines, however, do not agree with the energies of PBE lines

62
associated with different known chemical acceptors in GaAs. It is extremely

unlikely that these lines are associated with two shallow acceptors which

have not been detected previously in epilayers of GaAs and which appear only

in those samples in which Zn-related PBE lines are strong.

A second possible explanation is that these lines arise as a result of

radiative recombination of an electron and a hole belonging to different

donor-acceptor pairs or arise due to a radiative recombination of an exciton
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bound to a donor-acceptor pair. It is easy to show that the positions and

the separations of these lines rule out such a possibility.

A remaining possibility for explaining the origin of these lines is the

multiple-bound-exciton (MBE) complex. It is suggested that these lines arise

as a result of radiative recombination of an exciton in a two-exciton complex

bound to a neutral acceptor. In the discussion which follows, it will be

shown that such a model can readily explain the data presented.

To determine the number of states of this system, the j-j coupling scheme is

56
used. Assume, along with Dean, et al., that in the ground state of this

system, the three holes are equivalent and thus have the same orbital quantum

number. This leads to a value of the total angular momentum, J, for these

holes equal to 3/2. The two electrons are assumed to have their spins paired,

giving rise to a total angular momentum of 3/2 for the whole system.

If we consider only this state of the multiexciton complex, complexes bound

to a neutral acceptor containing as many as five excitons are needed to

explain the data--the usual assumption made by previous investigators.
5 6

This seems rather unlikely in the present case because transitions are

observed even at low excitation intensities, where the probability--solely

from kinematic considerations--of having such large complexes is very small.

Also, the intensities of the lines are almost the same (within a factor of

three), and this tends to rule out the possibility of large multiexciton

complexes.
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If the possibility is considered that such a system might have low-lying

excited states (which can be obtained in at least two different ways),

sufficient multiplicity can be achieved with the two-exciton model being

proposed.

As a first possibility, consider the case in which the holes remain equivalent,

but the two electrons are assumed to be in different orbital states and are

treated, therefore, as nonequivalent. The maximum value of the angular

momentum of the two electrons is 1, which when coupled to the J-value of the

holes leads to three different total angular momentum states: 5/2, 3/2, and

1/2. It is also assumed that the ground-state energy (J = 3/2 electron spins

paired) differs little from that of the excited J = 3/2 state. The positions

of these states are schematically shown in Fig. 72 where it is assumed that

the separation between the states is approximately the same as that between

the J = 5/2 and J = 3/2 levels of the PBE. The state corresponding to J = 7/2

shown in Fig. 72 arises from the second model discussed below. The final

states for these transitions are the states of a single exciton bound to an

acceptor, assumed to be those observed experimentally, and have been discussed

already. It is suggested that the six sharp lines observed may arise as a

result of transitions between the three states of the PBE as shown in Fig. 72.

A second possible way to obtain the excited states of the initial system is

to treat the two electrons as equivalent but assume that one of the three

holes is in a different orbital state and is, therefore, nonequivalent to the

other two. Within the framework of the j-j coupling scheme, the two electron

spins are paired and the two equivalent holes give rise to J = 2 and J = 0

states. The coupling between the J = 2 state and the J = 3/2 state of the
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nonequivalent hole then leads to four possible different J states: 7/2, 5/2,

3/2, and 1/2. The coupling between the J = 0 state and the j = 3/2 state of

the nonequivalent hole leads to a J = 3/2 state whose energy is again assumed

to differ little from the other J = 3/2 states. The transitions between

these four initial states and the three final states of the PBE will give

rise to the observed lines as shown in Fig. 72. The transition corresponding

to J = 7/2 to J = 5/2 is assumed to coincide with the A3 line.

To explain the observed spectra using either of these models, it has been

assumed that there is a reasonably good probability of finding the present

system in low-lying excited states. This assumption permits explanation of

the observed data without requiring extremely large and unwieldy multiexciton

complexes. Two different ways have been mentioned of arriving at the low-

lying excited states proposed; but in such a preliminary model, it is not

possible to decide in favor of one or the other. In both cases, it was assumed

for simplicity that all J = 3/2 states have equal energies; in the absence of

this simplifying assumption, other acceptable schemes could also be proposed.

Following is the process responsible for the formation of multiexciton

complexes bound to neutral acceptors in GaAs. The neutral acceptor sequen-

tially captures a free hole and a free electron, which have been created by

the exciting radiation, to form a bound-exciton complex. This complex further

captures, successively, free excitons to form two, three, etc., exciton

complexes with varying probabilities. In this model it was assumed that the

localization energy of the second exciton is somewhat larger than that of the

first exciton. This assumption is consistent with the recent measurements of

the work functions of excitons in bound multiexciton complexes in Si61 and
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with the theoretical work of Herbert. The detailed mechanism of binding of

multiexciton complexes to neutral impurity centers is, however, still far

from clear.

6.3 LOCALIZED VIBRATIONAL-MODE ABSORPTION OF CARBON-IMPLANTED GaAs

Introduction

When an impurity atom of mass smaller than the mass of Ga and As atoms is

substituted in a GaAs lattice, it gives rise to a vibrational mode whose

frequency is usually higher than that of the higher eigenmode of the lattices.

As the introduction of the impurity atom breaks the translational symmetry,

the vibrations of the impurity atom are highly localized. These localized

vibrational modes are characteristic of the type of impurity and the strengths

with which this impurity is coupled with the surrounding lattice.

The following describes the first observation of a localized vibrational mode

(LVM) due to carbon implanted in GaAs and its behavior as a function of
64

annealing temperature. Similar studies for the case of aluminum, phos-

phorous,64 silicon,65 and nitrogen66 implanted in GaAs have already been

reported in the literature. In Ref. 66, the behavior of the LVM due to

nitrogen implantation as a function of annealing temperature was found to be

quite different from the behavior of the other three impurities. The strength

of the absorption peak due to the LVM of nitrogen decreased slightly with

increasing annealing temperature up to -600'C, after which it dropped rapidly,

disappearing completely at 800*C. However, the strengths of the LVM absorption

peaks due to Si, Al, and P implants increased as a function of annealing
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temperature up to about 600*C and then remained relatively constant. Different

speculations were invoked66 to explain this difference in behavior between

nitrogen and the other three impurities.

This study of the behavior of the LVM of carbon implanted in GaAs was partial

motivated by the desire to determine the behavior of carbon in comparison with

the other four impurities. As a substitutional impurity in GaAs,12 C was

first shown to produce an LVM at 582.4 cm- 1 at liquid-nitrogen temperature by

Newmnan, et al.,67 who compared observation of the LVM of 12C with 13C at
-i

561.2 cm

Experimental

The samples used in this study included both undoped and Cr-doped substrates.

The undoped samples were n-type with a free carrier concentration of 3.7 x
116 -3

10 cm , whereas the Cr-doped substrates were semi-insulating. All samples

were polished on one side prior to carbon-ion implantation. C++ ions were

implanted with fluences ranging from 0.6 to 4.7 x 1016 C -+ ions/cm2 at an

68energy of 6 MeV. An extrapolation of a standard LSS range table to 6 MeV

gives an approximate range of 6.4 pm for the implanted carbon ions in GaAs.

The standard deviation is approximately 0.4 pm.

It was decided, on the basis of the results of some preliminary absorptLon

studies, to polish the crystals on the unimplanted sides also and to wedge

them in order to avoid interference fringes in the absorption measurements.

This wedging and mechanical polishing was accomplished without any visible

harm to the implanted area. The mean thickness of the sample varied from 165
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to 343 Pm. The implanted areas were 4.7-mm-diam. circles. The samples were

mounted for measurement such that the implant areas were centered over a

circular aperature of 4.0 mm in diam. in a copper plate. Cellulose tride-

canoate was used to bond the samples to the plate, which was then mounted

onto a cold finger of a Dewar system having ZnSe windows.

Prior to the measurements, the samples were cleaned with trichlorethylene and

rinsed with acetone. Unimplanted reference samples from the same wafers were

treated in an identical manner. In this experiment annealing was not done in

situ. All anneals were carried out in a vacuum for a duration of 1 hr.,

after which the crystals were remounted for measurement.

The measurements were carried out in a specially designed vacuum grating

monochromator, using Czerny-Turner optics having a focal length of 1.5 m.

The light source was provided by a silicon-carbide glowbar which was chopped

at a frequency of 5.93 Hz. To eliminate high-energy radiation, the light was

reflected twice by MgO reststrahlen filter plates before entering the slit.

The slit width used in this study yielded an inverse linear dispersion of

energy and wavelength of 3.2 cm- /mm and 10.0 pm/mm, respectively. The radia-

tion passing through the slit traveled a distance of 1.5 m to the front-

surface spherical collimator-mirror where it was reflected to a 23 x 17 cm

r(eflection grating. The diffracted light from the grating was collected by a

telescope-mirror and passed through an exit slit of the same size as the

entrance slit. The two slits, collimator-mirror, grating, and telescope-

mirror comprise the Czerny-Turner optical system which is advantageous in that
69

it helps to cancel out coma. In these measurements the grating drive was

controlled externally by an automatic scan control typically set at 2.3 cm /min.
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Results

Some typical results are shown in Fig. 73, which contains a collection of

recorder traces from a number of different measurements on three separate

crystals, showing the relative transmission as a function of energy (cm -).

The results for the carbon-implanted undoped sample show that annealing

to 3000C increases the strength of the carbon peak. However, further

annealing reduces the total absorption of the carbon LVM. This decrease

is also observed in the chromium-doped sample. The undoped crystal was

16 -H- 2
implanted with a dose of 2.8 x 10 C ions/cm , whereas the chromium-

16 -H- 2
doped sample received an implant dose of 3.0 x 10 C ions/cm2. For

comparison, the affects of annealing on an unimplanted, undoped sister

sample have been included. From these traces one can calculate a value

of the integrated LVM absorption, I = tA, where a is the absorption co-

efficient and A is the width of the absorption peak at half maximum. It was

found for the undoped crystal that the value of I first increases from 1.0
-2

to 5.1 cm 2 as the annealing temperature is raised to 300*C. As the

annealing temperature is further increased to 500 and 650'C, the value of

-2
I decreases approximately to 1.6 and 0.2 cm , respectively. For the

-2
chromium-doped crystal, I decreases from 1.0 cm to approximately 0 as

the annealing temperature is raised from 500 to 650'C.

In a recent paper on a study of carbon, oxygen, and silicon impurities

in GaAs, Brozel, et al.,70 provided a calibration for the strength of the

LVM absorption as a function of C concentration, namely, I cm corre-

16 -H- 3
sponds to 2.4 x 10 C ions/cm . According to this calibration the

largest LVM absorption value at: 300%C (annealing temperature) for the

1 72
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structureless, luminescence in the nlear gap region, while those whi.h combine

non-radiatively are not detected using the present technique. The observation

ol sharp-line structure reported here .iupports the conltenLtiolL thaL a .Zsignili-

cant number of the carriers diffuse through the highly doped Layer and entt:U L"

the less-doped buffer region before they recombine. Our obbervjLiot . ,I

dominant sharp-line structure, even in samples with 4 t) 5 )m of higbl'.-doped I

active region, tends to support the existence of large minority-carrier

diffusion lengths (2 'pm or greater) reported previousl, in GaAs doped at the ]

17 73-75
W0 7 level, although in the referenced works the sample, wei-e not equiva-

lent to those used in this study'. All emploved room-tempt'rature neasureznt -.

in which scattering mnecnianisms and suriace recombination might be quite di -

75
ferent than at 20 K. Further, only Ettenberg used epitaxial lay,,ers in whi, -

peak mobilities are considerably enhanced compared to bulk-grow,' material;

but, in that sLudy, the minority carriers were L tectrons. I)itet I 'Nr IC

pumping of the interface as a viable explanation fi t,,r oh.crvt:'t, has I
beun eliminated because of well-d,,cumented absorption coeficienLts I0n Ar

at the wavelengtLh employed ill this study (see Ref. 76).

I
S75

Ettenbcrg's convillcing uxperimental observation irgues -tr-,)il!v l aai:n.ti -

ScalMbinmttion radiation as a viable source of pumpin ue erg v l,,r i at ci., a

trinsittions. This mechainism is further rejected in tic lpre.en k -tdv ho .

of the low probability that recombil;tLion. pitot ins, crcaLted il li iti ;i 1," ,

region neit ite surface w.o)uld It ave sO tIf ici'ilc t nlerg',' to pump I hT Lh x ( i tiL

stiLe. at thL e iIIterL ac. For thI impci. rity dt'c sit i,- cooio crtd il ctr t... d. t.vc '

regin•i , f our ý4;mples, the p,,sition 'I the IuriLi t, w,1il .. ,t ,1 - ,..

tile \ . - toll,'Cn lt l,1t •1 ,ooductiil-bh;lld uilliuli'.7 lilt ipijm ii ., li ii '.

eCxLend bclow the Fermi level. from 6 t,, 20 bcV, dcpuitldii'g tp'-t 01-i ,••p.i:il l
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'O:lekn L ra t io . TlhIc highest probhIlbi Iti t F\ Ir CL on i'Il ia L i ridd i ;iL O12 for" jif

Ltits region wi I ituvol ve etŽnI.c L oi , t li ri irip rir 1 v D I-nd minim m aInld h,'10 s I L
i -

nlear the k = 0 %,aLence-band maximum (I hoe t 1i I Ic densit ies wiI I generail Iv4

he ver\ n-aal I). Such photons will havc enelrlgics tt r-m 6 tL) 20 r.-e\." lesI . tl Iiiil

k C le w-u 'ncen t ratilol-gap energy ind helit will I1t Ia in Ltii ringe •r' St)0,

tO 1.51.3 eV at liquid-helium temperatures. 'lie proClhi I iLV of ru:ahsorptI) n i111

0 liise' Itow-energx phoLl in toe i1Ler t •-cc .," IM fnIet'r- ie\r regalis v-

i:e:-:ceedlngl V sanai stilce they nire inc._lpalt 0f CX..'it ignI trnnslt 10115 across -

I

Til eujte .e U) a inter! -cC zne IZ 1) it 1 d.,lhc0 bv i:idi fI [F io, oIf t lie .ctlve iI

e,'-r d,'pnilt (so I-for 1 :, well] I •- ; is Il,,ltv- t 1111 imu Y ' e- (.Is i, 1.1r, 1.il, . tc.,) I

sn pl),'rted hy the ohserv.t, inl If al Clearl defl iitd (1011ii L d(tIn tO L:.....t 0i

indi i n lg L k, L.. doln)r sp1)cit s (1.5141I- .id I.l-u1i-eV Mill;, Fig. SL). I qUL::-

Lii ei iiiit t.llitt ti the s.rlitem (n-I'ag i ,11 'l ,SuL, .11 ) reI i I Led ilA

teh disippea1ran;ice of tLhe lower-energy peak (sul fur) As MCl' woumld expect when

it'.l dii 1 l Cs.lll distince of r he dopant is uxcceded. A rC.siduaIl ShIillow

L.,'2', It entativel v identif[ied i wa 1 i r I,;I ) rIemalinled titr ,•uli 1t.' oiil fcr I cr

*\ tingh a d irect. iiA I meilsurement of the inlt r1-;ice diLflfis ICi r,4 ,ion is

uif I'Icul L, tie; iiltiLl'u o phflltL iUmi1ies•:0celt ggcstL thalt t hC Ie;a,'v r is i- 'pt.,

1 -3wiJ ike tie uf fir, u wih an iminritp \ tolicult rit ioll 01 < 1. cM

Sj tiyct Iz r

A:, 1:1( i ' I.ted in ii F le h I L, spe L ra I rulir t I us' ,-ii p I c id m iii] in i' •, rio •ll, '. .I

clnar actet-risttcs, 1il COmmOl. Whit I( pliotoLImillioi licti ii 1tn, hI v Ii.d qI[.i I I

lin' wit Ii.s, iini,'r If I ines pr'oduied, e tc.) v.ar ed in :, .ii son,.lt..itI

1, I

_ -- '~-
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unpredictable manner from sample Lo sample, all spec tri did cIonlt a in the s•ii. t

recogniz.ble donor-bound excitL011 (loubet) c liid onte 01 flio. re 7 I Lre I incs in.iii k'd

A through F in Fig. 76. Sample 43/77, wiich was c0incidentallv LIe iili,'k-,s

bUho el a x. er, indictrLed two addi otual, nuch ir wcaker, doiir-,,id l . -.,citill

peaks at 1.51414 and 1.51422 eV. Several of the 5:niplies produced spýc'vcl n I

structure identifiable o~s shaliow ;iAccepior-lut'd c-\its , ItiL i: a111 +

this struc-ture was very weak and cati probably be traced Lo tile residual ::ili,

78impurity neIarl\' always found inl VPE (UaAs. Sample 113.77 ;:Iso ,tiin a .ie

.secod acceptor with slightlv less exc ite; blindiiig energy ( 0.'0 ,no 10V e ill

7¾.
Zn-iorild Cxc itoti) which might telitatiL' Iv be id•,n l i! ,•iŽ (eC , our t,

cont irmatltion sur such all ident ificligioll exists..

It is interesting to note tlat 3i L o, tiw' spectni (L;-L I uii, cr) L'L' I ed"C'C'-

Led o1 Lie -.Llroing donor-bound 0cx i,, 1 i'o,, wit h tile. I 1:c.\ throughl1 Ie jiro

coiisiderabl" weaker by comparison. S~jitple 136'76 (Fiý,. 77) 1 o, iu'cd .1 :i ': :i3 i-

cantNly different spectrum, o iwl is]\ drmilntiL d U\' tille lilre B1 and , ,, .1 ,'..-a

L etNL , L ,, ratLher tLh,11n tie donor-hound ox,'it.'ns (t-.t,,i .i 1.5I '. ,\). .I'- 1 I,

0, tL ],elIvi\,crs were removed, bV eCtciillg, oI11ri l : Ir C.ics 37; .- ,7i .!;:d 1 31." i,

spectral ciirr.rciteri.sLics became im ore Slrsimilar to, t! 1i36 t., i ;6I' i iaiL .,,

or al L of I flies; A thror igh F L tcilded tO d.'rrriiliLCte L C il I ., I I ithI't 'L'. It

ConI UCl Ued , threrfuire , thL t lines A I tir'or1lr r 1" 1' Kr' t itt lkir;r' 'i.li t dl i: , i ' I vlt'i:t

from tihe shallow hvdrogunic d(IJlOr-ooitnd cxcti ol:r, rtrO r' pro.' , rt'

c'hi r;titckeristic :oI tLie buft fer imiteriii V l L, ho 1 igit h hi cd I-ti-I Lit, i, I .I

reg ( I i .

The twot') saimples grrown tmi iXVygen-rh)-do rd butft tirs ii •, Il, r ,Il l t lit ;'i''; !)uiillli

78
CXCiLoll I1inC ;ri 1..4889 VV as•s;ociiLted WitLl r yxvgc'r, ;rlid tli:- i n' .s i ,

t't'l i il, ,ill',' 0 - ti . rp I c': ii,'t lilt. i-: i I.i I v d'2 l ,' l.
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The beiav ior ,f L lie dolnor-bound eXci Ltll double L in an app lied miagatLi c i jel J

i1 1', iii I v* , and Li i' Ii I , ;. iiFIi"A' I-, , 11 1 '1 s Lr L C L i 11 t:1 ! c J . is t

s5hho wn in 1ig. 79. IL is cleair from Fig. 79 tLhat una.mhigiaOtis ifln ,i-sigflmglets

-1
ft.,: O C L11,1, tis• tr n itions- h;IVC2 llO.[ been: iccom~p timiod due t k. tLile COMJýI 2 i x L\' 0 1

Lie dIt", a ,lt hongh the general linear sp i L rLing of the 1 lines is -! ejr, While 1-

teL 0ILIL did !iot peI niiL deLtermint. iox! o lct. ,:tron and ho.lc L:- ,icLr.- I.I- tlithr

cXi Lton complex, it was sut ficientix vol dcLimLed tL .I A dcLerminiIli,,L ,f LtI-

.1 Ili Lt , (d, ilI.IIIgnCLic) slu t ii c,,tC i i-iaL>, pi t Led in F.ij. C, c 1,uld 11e

per f:rm.d

Since scvcriI ol t[it, 'ImpIiles produced spe10Lri i, -'ic I line-s A aid 1 wcr-e

vt, &fltL t J C , L;...agr. c t" c h ra crI I iik ' 0 er'. ' i'iiikO

e,1Si', obLiincd. The eiVavior of 0 h1 lines is sliowi, ii 6i0. d B). Lti I Iihe>

irodluiced wcil-defined I inear Zeeman spti LLt inglg. T!I ie muit pL i 1 Ii city LV oi l.n bI

a L,-.xnsiLioi ivwolving j = 3/2 (ho0le) anIld I = 1" C ( CivL1') 1 L:t1

IAiLC1!i , LO ibciu,ltiOll 0 te hl ile 1 ,1 ,d eleLctronL g-ftglkor is 11. ' iw 30 .3 ,

VeVpc L iiveVI. F:igurc 81 illustriL.es Lliei IlL O •ch model for the ne cks

meat'sured iL i1. 3-k( ipllled field. "ihle dircti.'n iiiLs Lrai..iLi,,n is o"

d ire t v du efined I)y the dat,,, but the simpiC.aL model Ivailablc. w•'•.ld 1t .itiLi,

the inif-i,] shite having tw,,,o paired electrons and . iiole (siinilar i Li)c

llolir-~lild exciJ.tonL) and tle final sLiLtv--; single cet, L'ro:I. A\ silmple don,-i -

biotini ext-iton is climinated as a possiihiI Iro'/iuse of a L cu..rl,. difi Crlik.-

dui.ii.igiieL i .,lhiI L Ihr complex b cinp.ircd to Liu- (S, X) arid (,hi 0 , X) , 1,ikl• .. .

(Fig. 82). 'ihu next simplest model is Lite double-dourir-ii -tplo Iompl:vX

79
pre'vio ,ukI sugges ted.

J :-;I
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Line A shodewd Ii, additional structure in any sample except the doublet plot-

Led in Fig. 80. We note that the Iineir splittiing of tLhis line is nmarkedlv

greater 0l1-ii that observed for oilier li,i'ms in this region, although without

.addition.al sitruLutural features, nei thee a model or a meaningful measure of

g-L ac'CCs can result. The diamagnetic hlift for line A is coniparabiti to

the donor-bound excitons as seen in Figs. 78, 80, and 82.

1.'i~u.Ilv, certiin siilarities are noted in the diarmagnetic behavior of

v.iri,)t,,• '.h.1r linies reported here ;:id elsewhere ind s;hown in Fig. 82. One

w.,Id cXpc ti L , ILt Ole quadratic sliift for similatr teiters shul d Increasis

w..ith triiusiLion eilergy a.s showni qualitativel.v, since such an increase in

,1-ii L e.,ntcrgy represents ai hecrta, O in ti iding energy the s,-

c i.itci t-.rrictr.n. Analysis of thi simple lihdrogenic system suggests tilat the

dfian.1inotKi cooeft ic iCilt should vary inverselv as the cube of the hi ldii',

en1) CrIgYV.. Note thlat mane unsettling simplif iclt ions are required to evo Ve .1

II i1I-L, licorot ical expectation for the bellavior of Llhe com7,plex systems

ist i hlt] iii'-, and suces s lio1 inot been :cIi eievId in tns. regard. It is

i:itefrsL hig ti• notek Iiev rtih le,;s that tiC hI eir ,f -,,m1iplvxo s 15 , nd i

iMppac.,s ,nt,;ti. Wi ,'Jtli regard to taIt o.f the siniplc qtouter huanid cxc it.n

t )ICXoa, ,isn',,,ciated 'v.' i l i, sulfur, .;id silikon.

(outinnLing, tilve:t i-g]iLiiiuS will provide correlatim ion l Lit' heh;ti'sir Of h-Iuff(r-

I,,.cVr.] F lT evim s k iti Ltie presence ••f i:npulritie. !nd iriltiriLv 'iri) cxc i "

tLii illnrl ' 11le togfl'' i il -tl)l'ttl hero, lII dove'],'p1lielt '1 'i-iA. 't11llililt ' 0llc"

j!. 0 it.'lt nld llou]-.I LrktzL to 111il i. t111, 'a h emI. oil during

dt xi e ll 0e~s ug sould greatI' CI enhimnl iljis ci fort
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Automated luminescent topographic system
Michael J Luciano

St.l,.,' ~ ,-s *jh,,a ii,�I. (n, 2 b,&R f,.irm Riptfq' k,,,id . :,,t ih,,, 4544'.

D L. Kingston
Iir ~ ~ ~ ~ ~ ~ ~ ~ ~~1 ,),1;. 1•;., Jdrt~y.Hrk; ',. r I .,t . }t ...... J/

4R'':~' J- v N `:.lt .,IT fi -n.'i l,,[n -'I Jui% 1,4-71

A, new opIical-.canning te,:hniqutic with a .pat a reilution otf 1t k m has lVeli de\eloped for
the obser atn in titl surface I umninescerice. 1 lie phottol u mitiescei ite I opig ra p tiLt lehiii ictiIs a
fully aritornated ,\%tern capable( of nicasurt•g luninescetec intens•;y from a .urface area a%
large as 25.9 ,.rm- as well as the actual luminescence -pectra from a split as snall as, 10 f,111 in
diameter. The system consists of an Ar-ion laser for excitation, a bidirec.tional scanner with
foicusing lens,, a spectrometer for high spectral resolutioni and a phlotcniulliplier for photon
counting -xperinient1 conitrol and dat acquisitt101 ai d Lspltý arc profrirmcd bi, a Ile n et!
Packard Q82OA calculator and interface package Appliclations ol the Ichltiquc lii fle ,ahi-il\sis

of impurrii segregation in semicotiductor wafern are illustrýttcd

INTRODUCTION the iiitcn•,i•, of the heirit ,ei i , loge .iica. ihtii pic-
The 0plic.Il tce1hniqtnc ol phtoiuininc,,ence is, highly cilling CVlllis nc licilhiiig .tI I he tfrolni -sitbicr nlir•,thr

sefnsili'k and li,:N long been applied to the anati • Ss 0f ,intl nCit I atj l fe Itii Iditlteir ell d Inht nL Cg1n9 piablhei thlat

trace ilnlimilics li addiltion to it , qirwintitalivc itpi lit:.- ,,i ' ailse Lille to in.'ac iatil thoiuogeici. 'He iefi
toits, rptoti~lilniicscci~ice. ,tils i'ld lliiil t;llst liiii increses 1 l ase Mt iccIIaC

11011h \' pilot 0lh<ilI NL'iil lice list) \'+.ij W itt- Il -lllli ant-)Ililii-a

ion co.'I ci ning the : nerg) Ic +h tof 1 impurities in Ihe \til ti h fle hcai ina\ he to cils it, ;i *iniiil-thiii

bandgap of ,eiiiiti'nNp.ti t r,,.' et i ,pot [tintals . IiitialJ-dtcnsit, titter,, itn' '...ued
.1. lie tcduiqii ol pliotolrnmincsccitce topograrip :tt ~ in the light path to •,ar, the possei of the lasci cl.m.

developed here not only takes advantage ofi these two B. OptiL and scanner
applih•aions, of phololumincscence but also pciruits
meastuiiieilts to be made on any spot ranging in si/e I he o :ill scanner is ilhe het it of ih" s. sstin. 1-
from IO to 500) .m in diameter within ail area as large purpose - ' ,'tJl--firls, i0 St tile itseld fItil
as .5.S cm-. Ihe depth to which the ieamiurcnmenit is beam in Mt0 itithogorliul dieci ions, pci t' .. Itlt It, I ic

made is determined b\ the ahborption coefficient of surface plane of the saituple and. seconl.il it col • i
the iatCl:i ltl i n1ILdi tIsestigallon for the photon encrg) lullliics"eiiil •.til•ioni li ant tfie sample lilt I', ,"i ' it
toi the ei.citaiion -ource. Into the -,petiroul•ini

the pilipose iol this paper is to desc.ribc in tcltail the I he sc.'nning ss sient ;is shot\ it i fig 2 ctiss l
ciipolrocns tit this nsiruitlieit and Ito shoit its applit:a an (iiicl al'hroimio!ii thdlcetiii" bcmtiusplittei 0hith It'ft'lis
lion in the: analSio% of •sincoandfiucIor-dei'ce maltcrial 40)', i' IC laJs:t po l 0i110o ia ,eleletiWc 1i110o1011,J

tiplici ti it•l i atfi. Il•Ihii e ii ilvult posl ci tif the lscr I lith

I. INSTRUMENTATION IotSiilitl tight falls, onto tilhe fit.t front sii lli letl
mu nlll anld is directtled tll)•iplt ant l it '•( tintgle' Il liet

I he sN stein co• sists %f ,IX bhti conmpoients. I I ex - 11 i lthc is heitti sl iic t l d L it ;i IItIC

citation soiiice. 12) optical %canner and focusing lens., (lýieC otahc li9ffl 1pcndi ii 'AIhliI the •.lasci pllll1 it'iiie tlli

(31 sample holdei and helium I)ewar for low-teniper~i- lheam 90tti p crsss hiciiii the loc laist phei" Ihi

[ltre analvsis. 141 spectromelter for high spectral re•shlu i e ti Ihc.1 palscs thiotgh tilt, 1t•uslg J,1% I h irst
IlnltTor Inl Is Ititultlt is. titliteht.tl to ii i iatstit• iohllii '~lil!el

tion. 5)' pholotniltipll ii and electronics foi photon whiefi Ilunses tilt th isis it it itni. pIILic

counting, and 16) prograimtable cacialattor and interface i sl a

for cxperiIIentail control and data pr't•.s-ilg I e :i uorzout'il i ins;itiiil tio-s tie saititil. I ftc scii
miirtm iII its !ollllll Ii fii llig tilt e planei ii• iil tfl ot

,item is, s,,hown schcrnui.ill, in |;ig, I the lasert bettit, pldil~cig the' NitIctill st;l All thlie s.-i,

A. Excitation source pie. lii ;Idhiltiil, the.. ,it i:nl illi illo is tgI l, ;if..cbcd
It the firsi 1iriitsliiiiiiil %s;V•te 11),f .1" ;i It's til t e l it" iill)

A Spectra hysi.s AI-ion lIaer wias tlsef •,i, Is 1 c X Ufillitg Ihec holl/til(i:iI it,iii•s li,iJi .i i\ -I - h -
citation SOIteL C ito i .r'ivife coherent high intensits light. ;illlc spit ill tn file c, tiiil iiiii il Ill illmtlic tl, tithe
'The maxtmutn output power ill 114 S nil, •.it s I W A Cen1te 1 the l ilt bCilIll ; sli, , I•s•saels thlftilgh lie \t'lI'

Spectra Phjtýi bheamn expandelr wa iiscil ti piodicc a o tle l ens. iht' ] lloilo.lilt Is tglitti.lied iilt
2 S4-cin coherent hbieuin fhe hean expatdfer disti ibitnis second ti;uuu,,Itl stage I lie elns ilsell Is uscId hoitl

719 kev Sdl Jnfirut,,. 49g6).Jun 1978 0034-6748 78 4906-07180S0 60 `1978 American inustliute of Physics 718
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I heDEWAR rNtr-AL DENSIT Y ,ý,LE size will he uniform over the aample surface. The lDear
,,is rigidly held in position within a steel fiarnewoik

cCk) mounted ito a base plate. [he base plate is connected.
, i ExPANDE.R through it sv stem of hall bushings. 10 it high-piecision

SRW5 T t lead scrc. This allos the 1ianslation of the lcksar
SCANNNG sc SI

-SYSTEM MODL es assembly along the axis of the tocused beam. Adjust-
LGNLAseR mCNts of the lead ,screw iodtvc the desited spot

%1 silc O1t tiC sItnlplC, aittd the lioscnlent ot the lead 'cre-s
-Ii is, accuiate to ýt12.7 pm. A translation of 25.4 pmn is

PMT equivalent to it lO-A increase in spot diameter.
Ti,

DATA (APLAIMENT D. Spectrometer -

CO,.EC1iO5 ONRO
$PtE WODtL 1Y DI 40! - -

SPTR~cYE,,6R TSR T'EWTFThe spectrometet used frm savelength sClection and

V PAKARD spectral scanniniig was a Spc\ 1401 (',Ll ty-] 'ui ilcr w ith
.1O0 MC?, 9B2G.A 0.85-ni focal length aind r 7 X optical apeittinc. Since"

COL;TIGC At C U.ATOFI
-§TEZ

6  
the second pass tit the insI t l tlrent ca.n separ.ite rtitI
"lasii excitation reflected froni the sample into the spec-

I'1, i itciftll hcllic l t he TIh IlAtgraphic "\NsicTT titi etet-r, at suitable tilter is needed to, accomplish this
separation when onl\ one pass of the spec Iromiclr is

to locus the las'i beamn it) the deNired spot site and used and the wsasct.-ngth of the ictilected light is suifti-
tit collec.t Ihe luminescent ceinision. T"he lens ntanu cientlh separated fiornl the mawientvhnh Atd he hirnine,-
fuctuied b. Special Optics is an air-spaced diffraction- ccncc. A .dSe filiei is prcsent• brting used for mhis A
'imited doublet with 17 5 -ntnt focal length and a 5-em purpons. lo increase the optical throughput. only one- I
clear aperture. ,he i..ns is coaled for optinium per- half of the double-pas,, istimllment wAas used. [his

lorninrinc. The ' ..-apable of produimcing a blur circle itnstrutmenet provides the speclral resoltion nettled for

3 jm in dtantctct. [he luminescent enission is col- the prcsent mnvesigaltons. 'I(he dispersion at 012.8 .X ,im

Iected b, the focusing lens and follows the saiel optical is I I :m '.nrm and the iohtilton it -7t9. I nm OrdetO

path a;s the laser Once the light reaches the beam- I Is O.(IOE nm.

splitter, it is directed toward a lens which focuses the

cmlssiniit on Ihe slits of the spectronmeter. E. Photomultlpller and photon counting

CThe photoniulliplier is, mounted at the exit slit of theC . S a m p le h o ld e r a n d h e liu m D e w a r s e u a e c n , o t i e n i h r n - l c i c lspCctiontetcm andi is contained in a thernro-eleci ic.-;lk

Since A was ne•essal to c0 Coot the sample below 10 K. cooled housing to deciease thc datrk current. The 'tgnali

the s..ample was, mounted to the cold linger of a helium generated at the output of the pholtonutlthiplict is con-

l)c" ar Ple sample nuotunt has adjustmcnts to permit the imcCted To aln SSR pholon-counling system. When used
sot lac',:e plane of the satmnplc to be positioned perpcndicu- in cotnjtuinction with ;i choppei, the intuimnment %,ili tl•s
lar to the locused laset beam This insurC,, that the spot plhuN signal-plus-backgroiind cotit. bahckgmountlnd cotii, jut

4.1-
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_______°____ c. -• RELATIVE DONOR DISTRIBUTION

I I 1,

I •lb I b7 i I 49C, 1 11,.

ENERGY 4rTevl

"t~.~ ~~l'cI. c~~t hg lrt oi pI\H r . i , 1
lat , r xt i,.,kn I lI • l ,locbclc t. ihnr rcit' r \g . l,, 'D hitc .' ir - I

and the stIi iind dilTer•eiic of the fornrie ind hitct -I
quantities,. The photon-counting ysterm digitite-, th, 4:
signal and coil'eci th. ti:i.- i its uounts per unih :iiric -1,.

and iN c ilitl elt ctonliollcd h\ the cA;iLIilatoi l x, xt•'ii l.,-iL ... . - a

F. Experimental control and data acquisition Il-glHHl.H li 0..1 IIItilt i,

An IIl''-.9X20A Cih.itlillo , 'A he.i intecrfwed to an il - Ii,, , , -.
257111A cotliplt'l contlrollLI, i.. Capitahlt tit Ctilllo iit V

the •xcnncl. SSR photon LcounteiU and iIItiCh i:i'l % I'nl'IC\ .\l Ill't i h*,C ' A dcliil 'Ii!iolx til xlupplili"

analv/.er. l)•ia liL ,Ioicd pcirni~tient I\ t ion i. illCltliC ol tilt" x1 .llP ll.ll* ill I *I.i lt I , IhII' -,NIL Ill

tape% and displayed til an _'- ) plotter. IN IIilg.ý,ý ai Ill tlii .1i111,' I )iiiii ii .1 ti Iil II th " pI' '

"Ihc ItI'-2'70A coiiplet controlll r IN it prtogramitnin it, c0uit1 l'0el A II t'ul !liilIlCI'I ! l tI 1,111 F•K xCIL :•'

bidireýctional link ciip:lhlC of' Lonhtolling vallhiiil i1t'l till I'llIt Ihl A . uini ) kllii ii', I WN cilll I: h i"lCl I.-

l 11 0.1.il, 1 hliii tigh Ihe AS(C II ctdc. (ioiulllll illx t ci lilt'lit tO , lIill ;li,, ll ill Ill ! lt

cratcd h\I the cilCulalol are sent it) specili: tlillI lit. illill.llh i'l ,i',. Il\( A ,* I- I t',! h Io [ ti

in the t'otiplci coiil ollhi kAhich clin risl', the it il lll ItII xtill,igi ,lllhl .Ix[IiAn d"I F.1'. I. i iti i l ,iF. iii '

to 8-t'hi A.('CI o.dlc Ih ie Coni timIn a plce d i l till It" l the' I tIIC lal'Ii It x .i' I J li- II'II.'tkCL hi li t 1 liillItl-

ASCII hits baCkplitie inid Seilt it) ile dCSiikd b alt l., t llllti! 11 t M id Liliiilikkl I'ýt 1 11. II ,l;kI I Ilil .. i,
which inlterfaceik, hi the" linial i linlnent for conltol ;i1l lIC rIlil.iliC Ill\ N!i.MiI tll ,i d ',l" tc' tOipC .]APC jl lll li"

data il•qUieq iliton., I l ocl.if ):1I 111 i. Ii i lll Ic .

Signils are x.it it) the SSIR photon Coiutelr ftill ait, II, APPLICATIONS
maltic prgrtilmming Ihiomgh it hinary-cod'ddllli iiiccil
I H(-')) oItpkit boildt ili the Coupler clnIirillei [xiNiiL I)0ii10I tiil ii.'1 , ,I)I lIII 'llIlIILN III .1 xLIIIiiIII ilhli

the propl i Net o'l L AIi• l ilt.ids lin'le ta.II1 selec'l hlie It(l1iltc ii h' iit' III, L:IL1Ilik a c l;Ile lill oll I li 1 tIi'illl

ilmteie•iirtet., the parlictilait Iode ii dala acgi ui'itill il Ltlitiltill %L: %ic. " ii'it il.\i t. L ilt iiy hi lI II, cil

anit aio the type tit tLiti It he i p t I c , 1liti10i oi I% I I lilt' lip' II i1. Ix ex u!ltliII h It' ]Ik h1ii1
Pill'., hilck, liiii )(11 . KItkgIit~llilnt . •illid IhiCh %t.lll jin ;l t I, iilc'I ,Il clt/l I/,l llli • " I K " ,lli .,,i Ih1lL'lhll" N'll l~i1L -It"

ericc. 'I lie icast irilicin nt Is, wiltiaiei Itnd the n t lt L AtIl "IlL. lit tabilk 1ih 11 I'll tNih-i ittil I Y f ll i I- C' .iIH 'L ,I
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(2) constant x, constant x( y, varying yI .-- one-line crstal orientation in the furnace and the uniformity of

topo•graph; the giown epilavei. The luminescence distribution may
01) constant X, varying x.v-full topograph. also be cot related with final deice efficiency. Further-

The first type of measurement provides a spectral mole, the availabiIt of the data on magnetic tape also

scan at one specific spot on the wafer. Of course, the t.acilitates its representation a\ a histogram tsee Fig. 5)

spot may be positioned at aty .r.y coordinate on the which can be used as a guide for overall quality assur-
wafet before the scan is begun. The second Incas- ;l}i-. In the present extnple it can be seen that 75--(t
uremtent can he made at an, selected wavelength and of the wafer would qalaity as i device it the tolerance
displayed on the 'scope of the MCA. This provides an limit were set at _-14r; of the mean \alte however.
analog output of the luminescence variation along one of only 2V; would qrialift\ for a hy pothetical tolerance limit
the translation axes. The third measurement can be made of -,-4"r' of the unean ,,,due. Numerous othet statistical1
at a selected wavelength to provide a full topograph anal)scs can he performed with the stored data to

of the luminescence emitted from the sample. facilitate the characterization of the material. In addi-

Figure 3 shows a typical luminescence spectrum for tion similar topographs can be made for the other optical ....

at high.purit.W GaAs epilayer. The spectrum was taken transitions i)i GaA,.
at 8 K. I'he peaks corresponding to the transitions lhis type of analytis should hbe ,useful iII picdaiig

from donor to ,alence hand. conduction band Io ac- which areas of a walter should produce efficient solid-
ceptot. and donor to acceptor are labeled DV, CA, and state devices. Using a novl theoretical analysis ot

DA. respectively. The wavelengths corresponding to luminescenci data.' the topogiaphic data can be used I
thce are determined, and for cach vavelength the to calcuLte sarious clectiti:al parameters such as donor
spatial distrihution of luminescence intensity over the and acceptor concetntrations and carrier mobilities. The
Surface of the sample is measured. distribution of these parameters c.in then be mnapped

Figure 4 is a topograph obtained from monitoring the with the same spatial resolution a% the luminescence
maxinturn of the t)v luminescence intensity. Segment% measurements.
oflhe intensitl scale are represented by diflerent colors.

The spatial resolution of the DV luminescence intensity ACKNOWLEDGMENT
is thus represented by a matrix of points having corre-
sponding color%. The single-crsstal wafer measured I -his wik was supported i parr -. A| 'ontrrct

-3 -3 Icm. rhc laser beam was focused to MS00 F1m.

and each measurement was made after stepping 250 A±m.
The diffcrent grid patterns correspond to various inten-

sities of luminescence as shown nat the right of the figure. 'j I Ii.nk, •l, i P-,,, , ,, , we , , ,t,,r% itlrcntike
f all. 1:.ngic %k ood C'hMf, N 3 , 19? 1 ).

The topograph indicates considerable variation in the ' c Kitet. htr.;I, :,,, N. . !,,,i , Ih,, P , I it•i .l NC ý Y mk.

luminescence over the surface of the crystal. The actual t91 1.
S It Nam, tD \A, t anger. %I J I sciant, andt t) 1. Kinsigoon,

variation would be useful information for the crystal i s Ni Am i' SoW 1 12. 2 1 I977), . and Ap p] t. Ltc•i.

grower who is interested in the correlation between the 31, f,•2 Ni ,

721 Rev. Scl. Irtium. Vol. 49. No. 6. June 197" surface lunIneecence 721
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Glow-discharge optical spectroscopy (GDOS) was used as a technique for obtaining impurity-

concentration profiles of annealed and unannealed GaAs implanted with Ge, B, and Mg.
Calibration to obtain the absolute concentration was accomplished by comparison to pure
elemental standards. For implantation fluences of I x 10"'/cm2 and energies of 60 and 120 keV, $

the range and magnitude are compared with the theoretical predictions of LSS. Large surface
pileup and out diffusion have been observed for Mg implants annealed at temperatures between
700 and 900 *C. As-implanted Mg samples exhibited different profiles for pyrolytic and plasma
Si ,N, enc:apsulation due to differences in deposition temperatures. -
PACS numbers. 61 .70.Tm, 61.70.Wp. 66.30.Jt

I. INTRODUCTION excited between two electrodes in the Pyrex vacuum cham-

(Giow-dibcharge opti•cal spectroscopy (GDOS) has been ber which is back filled with Ar. The sample, which is placed

used in determining the distr;outions of certain implanted on the cathode, is slowly sputtered by the ionized Ar atoms
spcicis it semiconductorsa nd has proven to he quite an at- striking its surface. The atoms sputtered from the sample are
tractive method because of its• smplicity and versatility The collisionally excited in the cathode-glow region of the dis-

methods generally used for measuring the concentration charge and emit characteristic emission lines. The resulting

profile of impurity atoms are Secondary-ion mails spectros, emission intensity may be assumed to be proportional to the
cop. (SIMS) and Augei electron spectroscopy (AES). concentration of atoms present in the discharge and, hence,

These methods, like G DOS, destructively sputter the sample at tiat particular depth in the sample.

during analysis. Unlike GDOS,'' however, these methods The GDOS system used in this experiment is similar to
regut re rather elaborate equipment and experimental setups. the system used by other investigators.'-' The sputtering

Elect rical methods' '"can also be used to measure the impuri- chamber, shown by Fig. 1, consists ofa Pyrex cylinder, 9.53.
ty pr( files of implanted setwconductors. However, informa- cm I .D., with three quartz v, indows. The anode was made of
ti,,t gathcrcd using such techniques do .nt provide the total
atomic distribution since only the electrically active impuri-
tic', ire uihserved.

In this paper. the results of experiments to determine -

lie Impurity dlistributions of Inmplanted Ii, Ge. aind NIS in
(jiA. substrates arc reported Furthermore, the rcdistribu-
tion of these ,rnplants for several different anneahng tern-
pcraturc, has been studied. Although GDOS has been suc-
cessfull, empliiyed previously i,, profiling 1 and other Ouorz OuorIz

species in Si substrates,'' this study constitutes the first such WindOW A. Window

measurenients of the dopant distributions in ion-implaiited tho
(ja As LV

1I. EXPERIMENTAL PROCEDUREf
Smcc (i I)D )S and the method Of its application arc dc-

%, rihcd e it ldctail lcsewherc,' "l in Iy brief descriptioti is pre.
senhitd liere liilt thuseif (it)( S. a lic glow discharge is Vacuum ( -I
"'A tLit h- ,,I rv i lt'l{'l %t¢ ji for•l•'• (he. iiLflrnnict of I "1977 19•8under (_in- ~I ,,.

iici'rmirg dau~aihii nt 'rrri ridtthc, I)epi of "'h% %it%, (Ohion tn ertsi. NZ Gos ,

i. Ailictiu. ( li,,

"* S• �"5 u .1 ,*i u I ur Ih. ,sir ltort u .i,'1 iouic� I d.liifthf) i lunider Contrllact
I itlli• 1, I ilk I St puiileiirr g -haniiht-f iihe(i)iiS jppmnlau%

8()O " A It, I'h.e, 5011.ý ) C!t'i'ThL' 197'9 002 1 f3 '91 ,9! .12801 1 OfhS0 I , 19) Ar if t t ut i',(ii i 'tuyS&. 8019
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p A.

1 .\|I1 I I l ",hl , 1 .h,h ,' ~,+l'h =[ uc,,d fo~r I|tic d lrirlmsiationl of I IIt, al.,-luti t i•,ato-tnatit i I if thw iniplalt• s n I •l i:, "

If I 1 . IIl" 24q7 71 I - I lI Il ,,1I,4c lii '

44 1. (p 3039.W1k 4 42 IW I P,-T 1.0' . l)'i
NIK 4 -1 20 2 I 4 11 - III 1124 I ti'
I ,A . - - ,'; I • Il' '

alumninini and ,AjN 2.54,nt in dIumeter, lhC.CparatIOil Of "he ,lllpc Icnt% d III il 111Istld) Acl Ullidopcd (iaA,,
anode alld LathodC could be varied, but uniform sputtering oriented in the ( l00) dirctilon. which were cut into 0.5-cm
was achieved whlfc the anode was placed 2.5 cm above the squares and implanted at an energy of 60 or 120 keV with
cathode I he c athodc was constructed of copper with a te- flucniccn of( If 1 10) int' , . T'lh Illrplailtalloll v,., l(r.
fi,,abhlc alui ninui top plat'. Tungsten foil was silvcr cpt)o- formfed Of7 fi litlt- (H) ti'ctidol: Of ifhe (GaAs fit odc it)

led til the %si fact offihe cathode to minimize erosion. A glass a4.oid 0CI ,aiiC Ing Mid 10 lii.Ake th[e CFrVstail af[lWaIIl 111101-
env,,elol+C Was uLsed It) insulate the base of the cathode to pre- phous. Lie tcsults We_ ,• cttnpared to the range predi'tiL11,
sent 417.1ng. hiefurec each experiment, the system was cleaned of 1.indhard. Sharff. a;idl S o1t11i (I SS)•' hich lI .111
hy exciting LI dicharl.e. without a sample. The sample ,;WI, AMr11 Iritus I;tl•h l

thent I! i.cd onl Ith" call l•x and the entire system es actatl.
to 5 •l I-11 or After back filling the .hamner with high- III. CALIBRATION OF DISTRIBUTION PROFILES
purt) Ar to 

2
()f/i, a voltage of 2.3 kV was applied to the A fil ews d•,lscd h hl ,Illill Il lilt ( ,1X )S sv,-

electrode,, through anl xternal series resistancelof 180 kh. A I r litt lc kI lt t541
sputtering rate Of0. 12 lll/filnfl n for undoped GaAs wasd On lhwk-e, If the 1lt [ Illh If% t t', 111 (IW ', ll' tllt" 1 ll+ll,

fained This r:atc v.as detetrmine-d by parlially shielding .li t-tIlI=l h L .4 ll,lN ti tl , t I*,ittl. -'I, t,hk , ilip ,.,,m h.

sample in such a way that a step was formed betwcell the t|v~i-h the h.llliptlrll hccl andllf lilsta S d.it Ililltid,,ln I•,llIlti

sputtered and shielded areas The step height was mcasmred hd C hiteil potllIdt, li. taillb a t I h1' t ll tii dc 
t 

Iltt i,, +Il the
with a Sloan i)ektak surface profiler. Light from the cath. ih'0,t, ;W- lt i;I' N. f illf . ,I.lod t' ht W ilU l 1 011111.1lIlIt1  I., lil I -

idIe-glow regionll was inmaged by a quartz lensonto thesi it fa plant tola isl;itlalrd ilnpl;wrt. citlal,ll (iso lllCtlllge•.st 51...

Spcx Model 1424 spcctrllmeter having a diffraction grattig IntlIa,( ri 'it', ill (w,,s art Ili,; ..inw I li- iit 'i ht1lk -Ii-jI,
hiazcd at 3M,( A %,ith I 2•(lIines/mm The spectrometer was (-iA, vra,, lSt e. lntlf.l,11 *thalltillCt ti.iC tllnl,.lti

set to iher savelength corresponding to the strongest charac- hlhit,,N liS I. C ClerI•ill !:ttl ',lt.l!litll S atlll tllak!rl, I.rfl, i i,

teristi ch e-i;sion lIne (if the impurity. The Intensity was de- Nulmrpiumls. a f-cN' nil'•ll ý!l aý. Iltif t" t.alid ~alh I ,,; ,is01 •'iH~,+'tw

terminud bh phhlll ,nlltiling using a cooled RCA C3 10.1404II l fkI,+lahl1: i11.0 Ilk.MIT11 the 11111dall(,..

Ahon tl idh o oiltul;.' tnd wa S diR Model 1108 photon tIll,l IIlltdl Ih I luu Ind [llit lIl•'dt k'd I Nis lIltth -. I

Icharetll. tin l.haIorid lhe windl ow.itn Of h lghl, a I hiLa t" lIltlt lL II I "t l l ,. 15 11 , 010 ' II 1I 1 t.1 1!,i,.
rnul rt • aliI, il Ill, ile, o l.,lhne hl-w+ rorneled , Ie h tl , r ,'lfs , tu.InI, Ih. 11 -i IL l tiC: It, ,I Illt iii,.l 1.1,. 'lii vl IhI I!,Ilight thopIJ•,i Ih,(-,C( ,.>lId Ilffllual kiI Ow n d LI, 10u filt e sI+c. I'l.11 .'d Ilkl~ l l• I, N ~ <l,, (I,,,id h, lilt IliIII ,I- ,I h, ,,l \

trlef lltur I r llitO i Iao - aista llt- Ill rate tl lh anple, lilt, rv.l (Ib s Ihsljt" 5h1h, , dIlallgih I llih, aii l g'l ,Iiw s I.:,lt,-1lai:11 1111C11c lM ' ~lltl IhC SC1.Ct.Lled M dV,• ,. J;i Ncr,,L,In (fllh IoH idh''N I o tIll , I h lillo I,,I jimH .. )lll + ,I Ito' t l Ib !
kOjql~ jht h• IV,,;I ' ( 'ql'.lt •,h l .e SUS depth in t., Ihli , 11I 1,L+' . 11 Ih 1 'I, ,l",, 'll=,i .0I di]x ol ,illq+ ' k \1 - 11, .11•,. , .: .
'+amlldc+ ,III1. the I'h )pinlh w ''I l lh,-. 1 - %,o,• l. .sh h 1 II J . 1:.dr,l +'JT~lll 'l

,+% 1CLOlld spc-l>,'Ironilel'•r was+ ulsed to monH itor (tic dls I'~ ll 'l.l"],•h l • ' ll ,'hlh +. 11L i(I' . ,I ]J

charget thimigh (lhc third ol i~l,.al •,oindoA . It w4as (filled to tli., a ildt l''l, 1 '.-I',=, 1.. ~ ~ l, ,I 4 li•, l11',ll,1hi'tll• al fill, '' I h ll III
erl~l"10l oi(f( i.a;At4 172 A.+' N,|oniloring of'|hl,hlne make,.s ii ,,•,',•;.l u;' ',, *n~~•l' ' ,+,'+, ... t

p*}s,•Iblt' ht, 1•)h+,cr~c atoV , hallge fil the amou(lnt Of (ja ariir oFl= ril f•lh ,~ =,,q ~ i!i. ilil ),,'. d. it I il I,, I:!L ;=I111.
frotH1 t~ll~ijc lialw ., mi ht " he i .harge-t + he disolijirge, , isow a 1,( 1], < -i I - 1,tn= . 1r oJ "kht, l t 11d t h n rid ,,(i~:i W -- 11 j,: ,1 ,-!
',ci +.+d (ý,hic. m i l,hih." ,' h%:lcn the hig•h v'olt~•t " g ,,'s til"I, till i|.-(l •It l,,l i•, tl I • ~ ' ll"" s +t., ',,lh , t . . .
411l 1 l* I~rt(,.'c.f Ilhc,,ainlplc during fill,,lransientl pct'll d, it 'A,a I .,I A ! \%., " ,1.ý l h 0)•': •tl,• q,,,• . s, +
uto\,,<.-rdwitl a SiN, 111111 - "II ).lhw•k Momio~hrin|+'. IIli}t IH I I'l,, I+• ., 1'.... ,, I I II\ !, .,,,t++, ,NN ; ,,h, 1 +i,,

thu si, N, IN•cainl+ ' •l d th1 ' d il lpk 1'i11br iP, Ih '..
f it l~ion lr, Ith,, h.,,lic i~ u g 1tinl fo~r fle p~rofiletd II+fII ic ýto.

p~lariltd lillpot l \l Im+,10g llorilti red! hy file offher spct !iooi- %k lht h. lI I tI lm n 11 ".1 1- %[I • "j-'l 1 I lli ItI r!1. ' 111 .111111 . I+ ll 1 h :

ctcr "I ht St, N •i V'll..,l.1 lhI l %,as also used to pricl.1l it Ihh . -1 II [ih ',{I,,•Iiii d .I

(;jA , % U ',II IL dtfiri ,g almllca~lln w htich was, pcifoinicd (,,,

"It",! i'[d -L1"..IL' 1• 1" j.I '

.'112.
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H o1{ • h, ,ci,,,,,*,,i~t) .S ,ph,,.
l o I.. k |.}1-tt)ulllllig. hS "IOll to+ Sarl~ti*• .KlnlhI

of ,In cjcnlcowl4l ( ic %laidard .4. ot the

U Iarea of ihe lckncnial %Ildnard, A, is Ih"
to 1a pe 4arro, &nJ t1w iilo ,4,/A,

0 ,,,.. co+mrim-d if itlemewdtl Ge (thf r¢niain-
S<• ~ ~~der l•iciS { JaA%.) whic.h c.orrmlonds it, • ..

#Ai c 'trecloi, dco,,flyp, ., hid.+ 3lc1 1 he

1020 
LA

whcc.J i 1,1C rnuntofmaterial removed in Al. Since the changing, lei rn be Ithe counts inJ I at some Ilime v The num-
= A, cnay he assumed to follow t. z

"l"rr, the constant C may be written Eq (1). Since this is only a portion (fthe RiMs teing re.

moved from the volume Ax at time i (tII remainder being

F!C = ,. , 3) G and As), this total impurity concentration N, my hL ex-

The-. value% we're recorded in Table I for G!. Mg, and B pressed by
N, n/(4dx, (m/(x4 (4)

standards. A
This Ax i., ati, n camou nt C may be used in profiling where R is thc sputtering rate of the implanted GaAs

mplanited sAmples. Since the distribution is constantly sampic

O
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ThZ *au eercre inTbe1frO"IBadB:v lzx ) -fm(.rx4 iiC' /AR, (4) no
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lo, --...,- -r As oncentration is in% eisclv related to that ofthe element of

Ijt•o.0* interest). The other source of matrix effeci,, may arise from .t
(a) 120 &11014. !ýi'%n`T I the difference in sputt, intg otipuritIics in the GaAs matrix a%

SI opposed to the pure standard For io,-imnplanted specimens.,
(0"l- L-o.•,O,•.'.( .o...o,,. - the cotncentrat.on oft he iniipnuri is small, as a result, the £

0. sputtering rate is deterimiiild Linitiely by thc UaAs substrate.
Differences between the sputterimig ries ofthe GaAsiand the
siatidards are approximiatlely, I 5 III I..s-, and, thu%. ,orc ig-

Io nored. The value of I 15D A/ntm viai ws•.cd ili all calibrations
for the sputtering rate

The values of C which wert: deternuned I r B, Ge. aind
S,. Mg are included in Table I With respect toilieassumptions

I 00 I 0 .15 0 -00 OI -i niade, these value, represcii the nuntber of atloms being re-
.jj 91 ]_moved in timeAz which will tcsult in a count recorded by the

(Cl 120hoV, a - o'0"' (d) photon-counting SSICiii i'mluloxt'd in thc teeperiment The
tICet ColIce.rtIog lik- JLctjrsIcy oIf this k-ibrtit li el h i11 it,

CID- C.0 CV COP.0~A Lomnpat (isoii to~dke pri.1,Ell s for loll Iiiiplaiitaitoll (ii by
X coiipurision with profihlig by oiliCr lltans l he lmiiercxpcri.*0 I merit Is curroilk kcitg ondcrtalen anld a dit;el compari.oll

of profilcs obtaincd hý ( 11)()S Is b'llg 17nAIiC %',ill pt0lh1S

oblaiine.d b', A.S' u and SII MS

IV. EXPERIMENTAL RESULTS AND DISCUSSION

,J , .. . ,_,j The purpose• f lhe cxp-ritmeni was tII do1e, nmic tfti
C o 5s 0, C, I Oct 0, 0,,

DEPTH (p)

FIG 4 Distnbulion olthe Ge implant in GaAs msa function ofanneahing ," r-',, 't'''i''' in ' in, ,r 1
emperaiture. (a) As-imphaniod profile, (hb Aticr encapsulAtion, (L) At'cr Mj hmo ond GOA%

7(i)'Cqnneai fm 15 min. (d) After 900"C mne.Itl (or 15 min. - - -- -- --

Implanted peak densities are lower than thosec of the I VOC.*'i CYII (,p'co. A',

pure element by several orders of magnitude. The degree to
which C remains constant was explored ats a function of the , "
effective density by using smaller elemental standards. To
maintain the same geometry as much as possible, total sam-

pie size was held constant with GaAs (in the form of chips
along the edges% being substituted for the difference. Since E E" *,

GDOS profiles the entire plane, this simulated an implanti I \ i

with density prorortional to the area ofthe standard A, di-
vided by the total sample area .4 .Linearity between the . , ,. , c ci u, .

number ofcoutts and the effective impurity density formed 0 i+ .. . , . . I ... j . I... .... . .

with this technique was observed over two ordeis of magni- M I "- L,I/l I'Q ho , 0 X 10• I{)•L~I,

Iude, a,% hownin Fig 21'lhi.indicatesthat Cisconslantand i
is neither altered by decreasing the effective concentration, 'I -W A-
nor affected by increasing the concentration of Ga and As in Z I -'" i.

thedischarge. Since the imiplats ofinterest are at still lower , /'/7

concentrations, the linearity ,f C was extrapolated to the,

If analy.,is technique<+ such as GODS are Ito bc useful, Vo.'

they must not exhibit strong matrix effects. These effecis ,i .
may arise from two sources. Ihe first is that the emission "
probahilitics of the element of interest may he altered bh thei
prcesncc ofoihcr atomic species In the discharge. I his ont-

dition was cxplored hi introducing perimeter chips of( aAs !.. . ..

which sputtered with the elemental standards. The litnearity OLP1 H t.

of the data shown in Fig. 2 ensures that increasing the I it )Ir,l,,i ,; Ad, i . ... i. I 1. , . it ' ,, In .
liin1g mlgllt't• , l) i .( i ii. .I p'.i ii, i ¶i~nl •[,I< ,I,inn,

1
, ,ini lilAil, r IIIt in va+

amount of(,a and A, present in the discharge will ioit alter , , t hm 0 -,..n', .,l,., in Ii..i Ii .51,

the .mission probability of the clement (the relative Ga and i' ,.,.; , i 1
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10 shown in Figs. 4(c) and 4(d), respectively. There is an associ- "-
ated decrease in peak height as this diffusion occurs.

Mg Implanted GaAs The CVD encapsulant was also employed on Mg im-
0 ,•2 plants. The samples were implanted to a fluence of 5 < 10"CVD Cop (etced away) ions/cml at an energy or 120 kcV. (A similar implant at 60

Plasano Cap, Unannealed l,-V was also investigated, but the results follow those at 120
021l keV and are not included.) The results in Fig 5(a) exhibit a 1 :

tconsiderable coticentralioii cf Mg just below the surface of
Ethe sample after enapsulation A peak is observed at the

predicted depth but is several order,, of magnitude smaller
than the one occurring near the surface A possible explana-
tion is that the Mg diffused outwardly to the region of high L

1 20z° damage when exposed to the temperature at which the CVD

encapsulant is grown ( - 725 C) Similar behavior is oh-
,crsed for lie in Si Aln anneal of 700 N C for Ii mrin did not
alter the Mg distribnt-on For the 900 C anneal shown in

Z Fig 5(b). the peak has shifted deeper by about 0.06prn. This
indicates that an in-diffusion process occurs at this tempera-

O -9 *lure, with no further cnlargenicnt of the Mg concentration
located near the surface.

0'. Another encapsulation niethod was attempted in order
to minimi7e the redistribution, in this case the Si, N, was
grown from silane and nitrogen at a temperature of

200 *C. The energy for the reaction was provided by excit-
*10 0 _-_ J ins an RF plasma it the chaniher containing the gases. Fig- I

0O 0.1 02 03 ure 5(c) shows the results for plasma-enhanced deposition

DEPTH (ji.) (PED) SitN, after the cap has becen grown. and Fig. 5(d)
shows results after an anneal of 850) 'C for 15 nmn. The rca-

FIV 6 tlisihuiton oft I•e Mg implian in GaA .fici remnova! of CVD
n a with HIF ad. Sample waiu re-eneauhied with PF.D S, N, •son for the apparti| diw..rcpaii,:y between -he magniltitdý of

an psulan the profile (sce cepecially Fig. 5(c)] and theoretical predic-
arild profiled

tion is not known Since the sputter rate of the Mg staidard
differs from that of the GaAs by 15% (as opposed to the

depth distribution of the implanted impurity. The distribu- other standards which differ at most by "7%), matrix effects

tion was studied as a function of annealing temperature and may not be negligible for Mg This would appcar as an error

method of deposition of the Si t N, encapsulant. The project- in the calibration con•tant C for Mg Alternately, the Mg 1!
ed range R, and maximum concentratioti N, can be predict- standard is a inetal (as opposed Il( if and (Lic. "I he effect of

ed by ISS theory for each of the implants investigated (R, covcring the cathode withi mnctal rather than all insulsior or
being dependent upon the stopping pewer of thetarget"). A %emiconductri w-ouild he it, altt,r the electric field% in ih ,t

Gaussian distribution is expected, with N, being proporlion- GID)S sputtering ciharithe and change the geometry oft lie

al to the fluence 40 (ions/cm1 ), i.e., CAperinctit. Further experinientalion is planned to claiif%
(5) the results for NM-iiSiplatiied ( iaA, "I fic results aftie the

!(2iR5 anneal resenhble those for thieCVI) cicapsulant. Mg dihlticd

where JR. is the standard deviation, to a region (if high dtaniag¢ tearer the surface antd thil peak
The resolving capability of GLDOS war. demonstrated moved Inwardly

using B implants into GaAs. Figure 3(a) shown implants ( )oe further obserVation wWs iiiIttC .-oniceriitig cnclpsii-
with inrerici or 6boand 120 keV which closely followd the lation oif Mg liiplatiit lilt (VNI) mitirid was removed Iroili

L.SS predictions. A multiple-enerry implantation tshown in an unanicalcd My-oopll)ihcd sa.ilth til:il. HII acid I hIl. Is,
Fig. 3(b). The location of the two peaks is resolved and fol- thie icrintiva iiliCthitd koiiiiit,iin ll i,n o iti ain barc (Gia.

lows the LSS prediction. suhstrates ftr coitli, It in dcti I I• ;l lilt -t %U Iu CtitettS ti sit' ,il-

An annealing study was performed on the Ge implants. ple was Ihict c;ii appit! I% 'l1C 1 ) ito rit"- atid protiled usii 1

A Si, N, encapsulant wa used to protect the sample during (ilf)()% I 1iI irt'-tic slt" tt,!,ll IIl I Ig 1 IJtc lo." .Ulli,

high temperature annealing. The oitride was grown by pyro- ;itll.cuillilai tlll as tblt-scl %i(o I ie 't"iI iwtot1 dclt'cI'cd I hi,
lytic chemical-vapor deposition (CVD) utilizing silane and oltild ctltila lil hc i't It I Itcl c lt asilrlstiltIlltr .t " i tIg iti'tl -.iitI
ammonia gaes at an elevate:d sample tempcirature of CVI ) ciup-It'l AnI sWhit 11 slitA ,J aIcWk ;11 rI It' c I t l fLrllitit

-725 *C for 45 sec. Approximately 1)00 A of SiN, was of I - li/.tIll hitll Illt -tifLeii, k' 1t1itllaittit I I ag1r1e% Il I

deposited on the sample. Figure 4(a) shows the Oe implant magnit utle with thet (Wif ) i d.ii Iii lIg.0, It(hiitiog eigiciliv,

before any pr(oessing steps. Figure 4(b) shows that indiffu- Of the surface Mg Ii is Iticriti'iisg itt Illittle that a I hict"c of

.ion has occurred after sample encapsulation The enhatn.c- I - !0 'I)c/citi ethtiilut sin . ;it tii ltliti ' (Ni t cot r'e

ment of thli indiffusion hy the 700 and 9M0 *C anneals is spl•ndiilg ( I )( ) 'ltai tli t ,i allahlc due it) clititlviV ltilllitit

8023 J Appi Phys Vol 9A N' I?. O)re.ornbt.r 1g7ci Wtii,atrstrt t Al 8023
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tions.) This leads onie to believe that surface accumulation is acid. The reason for the anomalous diffusion of the Mg im-
present at all fluences but may be removed by HF only when plants in GaAs is not clear but probably is not due to exceed-
high damage is present. ing the ~olid-solubilit% limit since the low-fluence

(-~ I ýý 10 /crn') flall (laia alsu displayed surface accumula-
V. SUMMARY tion. The mechaniiim governing this diffusion is not known,

GDOS has beent succ-:ssully employed to profile the and further study is warranted.
-depth distribution of B, Ge, and Mg implants in GaAs and to
siudý their annealing behavior. The resolving capability of ACKNOWLEDGMENTS
ODOS was demonstrated using it multiple-energy implanta- The authors are graiclul for the assistailee of MI. Whi-
tion of B. Excellent agreement was obtained between the taker and G. Johnson and to Professor B.G. Stircetmian of the
absolute-concentraltion profiles determined by calibration of LUriiversiiN of Illin~ois b'r miarl helpful discussions in tie car-I
the system against elemental standards and the predictions I> stage of the experiment. We are also indebted to W.J.
of the LSS theory, except for Mg. Reasons for the discrepan- Andersotn of the Air Force Acadeni> for his coritrihutioii.
cy in the Mg data are not clear.

Minor redistribution of the Ge implant occurred when -
the.samples were encapsulated with CVD SiN, or annealed
at temperatures between 700 and 900'*C for 15 min This is in I .r....II ic A I .v,. 1, J ,i'h, K 1) im :II, a, I,contrast to the large redistributions obsersed for th, Mg Jr Apt' V'ic%, ci 32. i1 1

N."'. o saIIIplv ) h i-L, J t (.40t. I,Id I \k I Lj,. I Appi t'h>, S0
implants. S0i'i 09)During CVD encapsulation, at a tempe.-ature of725 'C, it <* s,.iin,'d II P,*k,,i, I ApiPh1 4b. 4
a large px~rtion of the -Mg diffused to the region of high dam- 2i

age at the surface of the sample. Ftirthermore, these atoms 'j I OicIWc. I S'imi.' r.11,-. It ( Si tI,,. J N-o N*,' Ind

can be removed if the nitride is stripped by solaking in HF K~krpatoc. Appi Phi- t vii 25. 411 i 10'41,
ai.Another method of encapsulation, PIED Sic N4, ap- j ocirpc J;k W~ I 51 Whda I Ippikon',md I44 L~r. 1-;N i mpi-lI

peared to reduce the surface accumulation, even after an N."" . ... 74, I,;e,, N'.dvI. Nv N'Irk. Will I) iS
850 VC anneal. For both encapsulants. the predicted peak in Sc, fo e.inirh-. N' K )co. I S Irk. and P' W N u. ) AppI Ph), 5I0.

1'4Y4 I "'iithe distribution shifts inwardly at high-arnnealing tempera- I, t M40r, Nk and, 14( Slicevin4 ,, I I ico- im,~t S-s13 riir ( !','
ture-, indicating diffusion into the sample. 1i t NlIjr,'%k .1n1 It (.Sircciflidr. J 5j, S. i vcimi,, 14., 1 W (I'q77

Companison with published results of electrical mea- ) L Grc,-n and I Scqc~i~ucl -. r, J Vicv Sci Technot t0. 114-i (l'103I

suremcnts for high-fluence Mg implants (- I X 10"/cm') in Ld~J IS'~.-i i~.i.Mi uMd ~V
33ý I I wo3GaAs indicates that the surface Mg did not contribute to the "R G Wilum andl I (oni4%. I",- q/>iw I'si,-rnaiinal CunJ.renc, on Ineler-trical activity. This may be due loc its removal hy HF A-rc Af.htf4.Jaivon Afw .S.iruj,', ito N, pzihijshcdj

W024 J Appi Pt'y5. Voi 50. N4o I? Dincemtrr 19 79 WliiIamwon et a/ 6014
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f4

TYPFE OTOi'V2.

PROGRAM OTOF'V2
C
C SUBROUTINES t'ATAPSIJRFACPPROFIL ARE OVERLAYES
C

INTEGERF~ CIITIM(25)
REAiL EFF(2t-) .MUH('5) vNS(25)
EIIMENJSTUN t'FF-TH(25) vil( 25) RHOS( 25) PRHS(25) PRII1(4) v

1RI2(4) ,THiýCk(25)vVI(4^) PV2(4) tVN0(4),VNBI(4) 4
COMMON /EiLKI/ HI.RI1 ,R12,TV1 V2,VN0,VNDfVROPVRB 4LCOMMON /F'LK'2/ BwDFH JS EHIPFoUPSrKISR~
ISTHIChiTflICKY INTIME

BJYTE TIM(B)PFLNAM(11)

5 FORMAT (At) J

TYF'E*, 'ENTER FILE NAME (10 CHAR MAX)IACCEPT 10y FLNAM
OFEN(UNIT'~l NAME=FLNAM.TYPE='NEW' ,ACCESS='E'IRECT'i
lRECORDiSIZEz4rINITIALSIZE=2)

DO 15 N'=IP25

W'RITE( 1'N)0OPO0. 0.

1s CONTINUE
C

CLOSE(UNIT=1)
DIEFINE FILE 1(25r~pUrNXREC)

TYFPE*t '[JOSE?'I
ACCEFT*p [JOSE
TYVF*9 'li (GAUSS)
ACCEF'T*p B
NT IrE=0 .0
STHICK =0.0
TYF'E*y 'ETCH RATE/SEC IN ANGSTFRUMS'
ACCEFT*y ERATE
I=0

20 IF(I.NE.O) PAUSE 'ETCH SAMPLE'

CALL TIME(TIM)
rYPE 25r TIM

25 FORMAT (lXp'FRESENT TIME ='PBAl)

C
TY'PEVP 'ETCH $ =?r TIME ?

ACCEF'T*p IrECHTIM(I+l)
TYFE*t 'DATA OK ? Y OR N'
ACCEPT 5t ANS
IF(ANS.EO.'N') GOTO 20

C

IF(L.ASTI.,[I1.1) GOTO 30
tHICN\(I)SFIATC-*FL-OAT(FCIITIMl())
SIHICKz rsflI1Ck + TIIICK( I)
t'EPTH(I) =STHICK
NrIME = NTIM[ + ECHTIM(E)

30 CALL DATA

IT-T
IF(IT.[0.1) GOTO 50 IT SET. IN DATA TO SHO1W No MEASUREMENT
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I

LASTI! I
PAUSE 'SET PAGE'

CALL SURFAC

OPEN(UNIT=INAME=FLNAMTYPE='OLD',ACCESS='DIRECT'p 4

1RECORDSIZE-4)
WRIIE('"I)IECHTIM(I),RHOS(I),RHS(I)
CLOSE(UNIT=l)
IF(I.EQ.1) GOTO 20 A

C
CALL PROFIL

IF(IT.NE.1) GOTO 60

50 TYPE*, 'DATA CANNOT BE MEASURED'
GOTO 70

60 TYPE*, 'CONTINUE MEASUREMENT? Y OR N'

ACCEPT 51 ANS 4
IF(ANS.EO.'Y') GOTO 20
IF(ANS.NE.'Y') TYPE*, 'ARE YOU SURE/'

ACCEPT 5, ANS
IF(ANS.EO.'Y') GOTO 70
GOTO 60

70 PAUSE 'NEW PAGE -- FINAL PROFILE PRINTOUT'
TYPE*, 'FINAL PROFILE'
TYPE 74, FLNAM

74 FORMAT(/,2X,'DATA FILE NAME IS ',I1A1)
TYPE 75v STHICKNTIME

75 FORMAT(/,2X,'TOTAL DEPTH = ',F7.1,' ANGSTROMS',l2X,

V'TOTAL ETCH TIME = ',162Xr' SEC'/)
TYPE 80

80 FORMAT(2X,'ETCH #',3X,'ETCH TIME(SEC)',3X,'AVG SHEET RHO'

1,3X,'AVG SHEET HALL COEFF',3X,'AVG MOBILITY',5X,'AVG SH
1EET NS't6X,'ACT EFF(%)'/)
DO 100 M=Iv,

TYPE 90, M-IECHTIM(M),RHOS(M),RHS(M),MUH(M),NS(M),
1EFF(M)

90 FORMAT(4X1 I2,9X,14,9X,E12.5,7X,E12.5,9X,F8.2
1,8X,E12.5,7XF6.2/)

100 CONTINUE
C

CALL EXIT
END
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TYPE DATA.

SUBROUTINE DATA
DIMENSION HI(4) ,RII(4) ,RI2(4) ,v'(4),SW(4)1 Vl(4),
1V2(4),VNO(4).VNB(4),VRO(4),VREi(4),W(4)
COMMON /IBLK1/ HI ,RI1 ,RI2,T,v1 ,V2,VNOVNB. VROPVRB
BYTE MSGI(16).MSGV(15)

C
C -INITIALIZING INSTRUMENTS----" .

CALL IBSELN[('SF'oC10X',l,,201)
CALL IBSEN[I( 'DOMOZITOROX' ,I202)

c V
PAUSE 'ZERO 616'

C
CALL IBSEND('ZOX',,1p202)
CALL I[tSEND( 'DOM. ',i?)
CALL IbSEND('SX',,1,2Q1)
CALL I[fkLCV(MSGV,15,9)

5 FORMAT(Al)
22 FORMAT (6X,E10.3)

26 FORMAT (2X,'I= ',E10.3," AMPS')
30 FORMAr (SX,E10.3)
35 FORMAr (F1O.7)

36 FORMAT (2X,'V= ',F10.6,' VOLT'/)
C
10 PAUSE 'SW A' ZERO DVM"

I=1
J=O
K=O
T=0.0

C
SW(1)='A'
SW(2)='B"
SW(3)='C'
SW(4)='D•

S(I)='E'
S(2)=,E"
S(3)='F"

S(4)='F•
WC(I)='+"

15 TYFE*v '----ADJUSTING I---'
CALL IFSENL'('SR6OX',,1,201)
CALL I[SENC('1=0?999000',t2)

C
TYFE*v 'PROFER I? Y OR N'
ACCEPT 5, ANS
IF(ANS.E(. 'Y') GOTO 100

C
TYPE*r 'BIG OR SMALL I? B OR S'
ACCFPT ,:, ANS

IF(ANS.LO. 'S') GOTO 20
C
C '------Ei_'R CURRENT-�--'

CALL .FIt/('(.;K5OX',,,201)
TYFIL*, 'INCREASE I? Y OR N'
ACCEPT 5, ANS
IF(ANS.L(J.'N') GOTO 100

CALL liSLNri('SR40X',,I,201)
TYFE*,'IN{REASE I? Y OR N'
ACCEPT t, ANS
IF(ANS.EU.,'N') 0010 100

C



CALL IEISENL'('SR3OX',,1,201)
GOTO 100

C
C '----SMALLER CURRENT-----' "
20 CALL I.l4ESNt( 'Sk7UX' ,,p201)

TYFE*, "DECRI:ASE 1' Y OR N'
ACCEPT 59 ANS
IF(ANS.EP.'N') GOTO 100 -=- ;

C
CALL IBSEND('SX',,I,201)
CALL ID¶3EN'( '1=0099000'v,2)
CALL IBSLNDl('OX'p,1,201)

TYPE*, 'DECREASE I? Y OR N'

ACCEPT 5, ANS
IF(ANS.EG.'N') GOTO 100 I
CALL IBSEN[I('SX'.,1t201)
CALL IRSENIl(1=0009000'p,2)
CALL 1iBSENL('0X'",,,l201)

100 TYPE*, 'U S;URE I OKI Y OR N'

ACCEPT 5p ANS
IF(ANS.EG. 'N')GOTO 25
IF(K.EQ.1) 5010 350 1350 INIT. TAKING HALL DATA
GUTO 199

c
25 TYFE*v 'TRY ASAIN? OR GIVE UP? A OR G'

ACCEPT 5, ANS
IF(ANS.EO.'A') GO0O 15
GOTO 430

C
199 TYPE•, - TAKING RESIST DATA---'
200 TYPE 205,SW(I)
205 FO,:MAT(2X,'SW = ',A1,/) (7

CALL IbSEND( 'FOOX ', ,201)
PAUSE '+I'
CALL IPRECV(M5GI,16,1,202)
CALL IBSENt'(' ",,1,217)
rv(:d'E (1]5,30, MSG ] , EFR=31 )RI 1 ( I)

G0 TO 105
31 DEflt,Ft6,•",MrGI)RI1(I)
105 C,, .! I F I- CY( ;(;v, 1t, 9)

LECUUIE 1 0,', M'•FI'V)V1( I )

CALL I[4SENUl('SX',,l,201)
CJ

CALL IL4SENL('P1OX',,1,201)
PAUSE '-I"

CALL ibSFJll'(' '991Y217)

CO TO 110

110 FAL. 11t41 .)(r' ; (m Gv,1 I I'll 9)

' A A ] . O' t  Ll( " X ' •, 2 0 1 )

I1 (.I.f tl. 1A) (.l f ) O

If I L. * ,1) h I(t] 39
C

IA'NC . ~SW, ZEROU L[VM'

39 I--I-,

40 CLLI. I'.Ftr'( "'.'OLIX' ,,1,201)
I-AU!J ' I [Ill l. El'1 ' O" (JR 'E

C L.L I- 4F C')MCI[,)6, 1 , 202

___-- -



CALL I[iSEND(' ',,Pt 217)
t'ECODEF( 130,MSGIERRý33)RI
GO TO 115

33 IDECODE ( 16,22,MSUI)RI
115 TYFPE 69'RI

CALL IlRECV(MSGV,15,9)
llECODF:( 1.0,35,MGV)VV
TYpE 36, g-V
CALL IPSENDI( 'SX ,,1,201)
CALL IFRECV(MlGV1,.5,9)
T YF'E v' I S T ON HERE? Y OR N*
ACCEPT 5, ANS

IF(ANS.LCI.'N') GO TO 45
IF(K.E0.1) GO TO 350

IF(I.EQ.2) GO TO 200
45 TYPE*.,'Wih]NG I TRY AGAIN'

IF(K.EM.l) GO TO 15
GO TO 10 iic

250 TYPE*,'----.IN1ERMEDIATE DATA .... "

TYPE 50
50 F(),MAT(/,2XP'SW' ,IX,''#"6X, 'I+',7X,'VOLT AT 1+'

I,v9X,'I-'7X,'VOLT AT I-')
DO 60 N=1,4
TYPE 5'-,-SW(N),NRII(N),UI(N),RI2(N),V2(N)

55 FORMAT(3X,Al,'=" ,It,2X,EIO.3,3XF1O.7,5X,EIO.3

1 ,3XFlO.7)
60 CONTINUE

TYE*..'----CO.R.ECTING

300 TYF'E*,'DAT A F:EF'EAT? Y OR N'
ACCEP-T 5, ANS
!F(ANS.FQ. N') GO TO 70
TYPE*,'FNTER SW # OF MEAS.'
ACCEFPT 65,I

65 FORMAT( II)
PAUSE 'CHANGE SW, ZERO DVII'
J=l
GO TO 200

70 1=1
J.:O
K~=t
TYPE*•.'----CHECKING HALL I-...'
CALL IERFCV(MSG3U,15,9)
PAUSE 'SW iu I t, ZERO DVIM"
rO TO 40

350 L=I
M=O IM IS SET AFTER ONCE THROUGH PROG

400 TYF'E*,'TAKING HALL DATA'
405 TYF*F 407,S(L),W(L)
407 FORMAT(/,2X,'SW = ',AI,' AND ',AW.' I'/)

CALL I[SEN'( 'SX' 9 ,1,201)
CALL J]lRELV(MSGV,15,9)
FAUSE 'SW @ E OR V, NOR-0-B, ZERO D[VM'

CALL If!3END('P0OX',,l,201)
410 PAUSE 'I READY?'

CALL I RF:JECV(MSGI ,16,1,202)
CALL IPiS{WiD(' ',,i,217)
[LIECOWq. 15,)30,MSGIvKRR=411 )HI(L)
GO TO 412

411 PECODE( 16,72,MSGI)HI(L)
412 CALL I1d:CV(MSf;vvl5,9)

IIECOU'E( 10,35,tSGV)VNO(L)
PAUSE 'Al-FLY NOR B'

CALL I(RF[CV(MSGV, 15,9)
[,ECO[,E (10,35, MSGV)VNB (L)
PAUSE 'ZFRO bp SW TO 0 REVJ'

- • . . .--- •• ,•'--' :ii-.- -



CALL. IPRECV(MSGV,15,9) . ..

E'ECOIEr(IvO,35,MSGV)VR0(L) .

PAUSE 'AFPf.Y REV B' " . . .-
CALL. IfINFCV(M tiV,15,9)IILCOCIL ,J, M G V B( )•

CALL IBSEN'( '!;X' , ,Iv201)
TYPE*v '7FRO Ei, SW TO 0 NOR' I
IF(M.E0.1) [0 TO 417
LýL+l
GO TO(400,415,405,415,417) ,L

415 TYPE 407,S(t.),W(L)

CALL IEND 'F"IOX' t, , 1201)
GO TO 410

417 TYPE*,'--INTERMEDIATE DIATA..--' "
TYPE 80 ....

80 FIkMAT(/,2X,'SW',IX,'t',7X,'I',IOX,'VNO',9X,'VNB'

1,9X, 'EVN',FYX,'VRO',9X,'VRBi',9X, 'DVR') I
DO 90 N=1,3,2

DVN=VUO(N)-VNB (N)
rVR=VRO(N) -VRB(N)
TYPE R5, S(N),W(.N),NHI(N),VNO(N),VNB(N),

1 LIVNPV.O (N) ,VFdIb(N) 1,iVR

85 FORMAT(2XAI ,AI, "=' Il,2XEl0.3,6(2X,FI0.7))

90 CONTINUE
1O 95 N=2,4,2

DVN=VN0(N)-VNB (N) '

DVR=VRO ( N)-VRB (N) :1
Tr'E P V,, v<(t),W(N),NHI(N),VN0(N),VNB(N)p

1 !'VNUR'O(N' .VRB((N), [IVR
95 CONrINHUE i
420 TYPE*, '----CORRECTING ....

c
TYPE*, 'REPEAT DATA? Y OR N'

ACCEPT Sy ANS

IF(ANS.EO.'N') GOTO 440
TYF'E*,'ENTER SW # OF MEAS'
ACCEPT 65, L

PAUSE 'CHANGE vriP SW, NOR-O-Ei, ZERO lVMe'

GOT0( 405,45,405,413),L.

430 T'I1.0 INDICATES NO MEAS
CALL IBESEND,'SX',,I,201)

440 RETURN

END

.A
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TYPE SURFAC. ------43
SUBROUTINE SURFAC Ax

C
INTEGER ECHTIM(25) 1'
REAL EFF(2t5),MUH(25),NS(25)
DIMENSION PEFPTH(25) ,DRN(4)PRPR(4),HI(4) RHOS(25)PRHS(25)
1, RI IC4) ,RI2(4 ), 1I4ICR C5) ,Y1C() ,02(4),VNO(4),~VNB(4) 4
IVRO(4) ,VRb(4)
COMMON /E(LN1/ HIRil,RI2.TVIV2,VNO,VNB,VROVRB
COMMON /E(LN2/1ED,DEFTH,DOSE.ECIITIMEFFMUHNSPRHOS,
IRHSSTHICkTHICKINTIME

C
t10 45 J=l,4

RI(J)=AES(VI(J)/RII(J)) - -
R2(J)=ABS(V2(J)/RI2(J))

EVN=VNO(J)-VNBt(J)
DVR=VRO(.J)-VREl(J)
EKN(.J)=ABSE(1DVN/HI(J))
ERR( I) :AbS ( DVR/HI (J))

45 CrfNTINUE -1
RTO]=AD•S RI (Cl) /R1(2))

IF(RTO.t.T.1.0) RrO=1.O/RTO
IF(RTO.L.T.l.4) GOTO 60
IF(RIO.GT.5.0) (OUTO 50
F=.99-< (RTO-i.4)*.05)
COTO 65

50 TYFE .55 RTO
55 FORMAT(lX,'RESIS RATIO '-F`92)

TYF'E*, 'FACTOR "F'.?'
ACCEF'T*t F L
6301 65

60O F=1.0
65 FRAVOI(RCI()+RI (2)+RI(3)+Rl(4))/4.0

RAVG2=(R2(1)+R.2(2) fR2(3)÷R2(4))/4 .0
RAVG=( F',tVG14kAVG.)/2.0l'RI1(tN(1)-tDF, kCI)+DRN(3)+DRRC3))/4.0 :

(IR>C (RN(2)+rI'RRC2)I4DRN(4)+ELRR (4))/4.0
DFR'iVG= ( LIRi fDfR2)/2.0 .

RHUS( I )=4.:24*RAVG*F
RHS( I ):--1 .OE8*DRAVO/B.
M~li ( I ) 'NFIS ( I) /IRIOS C I )

FFF (I) = (NS ( I ) /I0, -) *I00.0
70 TYF't. 'SURFACE RESULTS'

TYPE 75,Il-,ECHTIM(I)
75 FORMAT(,',2X,'ETCII * ',I2,' TIME = 'P14,' SEC'/)

TYPE 80
80 FONMAT(6XY'I+',7X,'VOLT AT I+',9Xt'I-',6X,'VOLT AT I-')

LO 90 J=1,4
IY F 85,RI I(.J) ,VI C J) ,R12(J) ,V2(J)

85 FORMAT(2XLIO.3,2x,- IO.,i5X,EIO.3,2XFIO.7)
90 CONT I NIJE

lYF'E '95,*AVGIt[I
95 FOFMAf(/,IX,'AVG R AT I+ = ',E12.5,' OHMS'tT45, 'AVE DELTA

IR At 1+ - 'EI2.w,' OHMS')
TYPiE 96, PRAVGJt R2

96 FUFMOI. (IX,'fVf R Ar I = ',12.' OHMS', T45,'AVE ['ELTA
IR AT I-- = ',L12..5' OHMS')
Tt'E 91. /KAVYo -iRAYVG

97 FOR MrAICX,'AVG N - ',6X.E12.5,' OHMS',T45,'AVG DELTA R
1=" '•,6XE12.5," OIIMS'/)
TYPE t00

100 FOKMrT(8x,'I' ,7X,'VOLTcB=O,NfR' ,2X, 'VULT(?B=B,NOR',2X,'DELTA
I Vti(1R'3X, 'UOLTt,4z:0,REV',2X, 'VOL1E@---,RkEV',2X,'DELTA Vp

,.4•



2REV'/) .DO 110 J=l,3,2 •

DVN=VNO(J)-VNB(J)
DVR=VRO(J)-VRB(J)
TYPE 105,HI(J),VNO(J),VNB(J),DVN,VRO(J),VRB(J),DVR

105 FORMAT(2XEI2.5,2X,6(F10.694X))
110 CONTINUE

DO 115 J=2,4,2
BVN=VNO(J)-VNB(J) •1
DVR=VRO(J)-VRB(J)
TYPE 105PHI(J),VNO(J),VNB(J)iDVNPVRO(J),VRB(J).DVR

115 CONTINUE
TYPE 125,RTO,F

125 FORMAT(/,1X,'RES RATIO - ',F9.2,12X,'COR FACTOR = ',F7.2/) A
TYPE 130

130 FORMAT(2Xt'ETCH #',5X,'TIME(SEC)',l0X,'RHCS'
1,16X,'RHS'"16X,'MUH',15Xv'NS',13X,'ACT. EFF(%)'/)
TYFPE 135,1-1,ECHTIM(I),RHOS(I),rFHS(I),MUH(I),NS(I),EFF(I)

135 FORMAT(4XI2v9X,I4,9XE12.5,7XE12.5,9X,FS.2,8XtEl2.5
1,7XF6.2/)
RETURN
END



TYPE PROFIL. .
C

SUPROUTINE PROFILC

INTEGER ECIITIM(25)
REAL EFc(2ý'),MUH(2'5),MUI(25),NI(25),NS(25) 24
DIMENSION tEN(2) ifTI E FhS(!)pRS 5.TIK(5

IX(25),EFMU(25)
COMMON /14LN2/ ji, DEPTH. EOSEECHTIMEFFMUHNSRHOSRHS,
1STHICKTHICK, INTIME

C-139 ['0 140 M=I,(I-t)

DEL-X=(RHS(M)/RHOS(M)**2)-(RHS (M+I)/RHOS(M+I)**2)
DELY=(1.O/RHOS(M))-(I.O/RHOS(M+I))
IF(RHOS(M).EO.fRHOS(M+1))DELY=1.E-20
MUI (M)=hIELX/DELY
NI(M)=IIELY/(1.6022E-19*MUI(M)*THICK(M+1)*1.OE-8)
DLLNS(ri) =NS(M) -NS(M+1)
X(M)=['EFTH(M+1 )-(THICK (M+I)*.5)
EFMU(M)=6ý.2415E18*( 1.O/F:HOS(M))-(I.0/RHOS(M+I)))/

1 LELNS(M)
140 CONTINUE I

TYFE*, 'P********* PROFILE RESULTS (INTER) *****t****'
TYPE i50,SrH1CKNTIME

150 FORMAT(/,2Xv'TOTAL DEPTH = ',F7.1,' ANGSTROMS'ul2Xp
I'TOTAL ETCHED TIME z ',16,2X,' SEC'/)
TYPE 155

155 FORMAT( IX, 'ETCH * ',3X, 'LTCH TIMF',.SX,.J'AVG SHEET NS', 3X
1'ACT EFF'•SX,'DELTA NS',6X,'MOFILITY',4X,'VOL CONCENTR'
1,3X,'AT 'EF'TH',5X,'EFF MOBILITY')
FLAG=O.O
['0 190 M=1,Z

TYPE l60, M-1,ECHTIM(M),NS(M),EFF(M)
IF(M.EO.I) TYI-E[ *r j
IF(M.E0. i) GOTO 190

TYPE I1C, IJELNS(M-I),MUI(M-1),NI(M-I),X(M-1),EFMU(M-1)

160 FORMAT(3X, 12,7X, 14 ,6X,E12.5,4X,F6.2,O)
1O FORMAT(3X ,'(E12.5,3XF10.2,JX) ,FIO.2)
190 CONTINUE

TYPE*,
RETURN
END

I
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Defect studies In multilayer epitaxial GaAs by transient capacitance
E. T. Rodine
Syplems Rteurch Loboratoriev. Inc.. 20X) Indian Ripple Road. Dayron. Ohio 4344o
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(Received 25 January 1979; accepted for publication 3 April 1919)

Majority-carrier defects, induced by I-MeV-electron irradiation in n -type epitaxial GaAs were
studied by deep-level-trap spectroscopy. The sample% were fabricated in the form of FET-like
devices on the epitaxial active and buffer layers. Anomalies in the DLTS response such as the

behavior as the depletion width extends into the buffer are discussed in terms of the planar

geontctry, the ,eries rcsistance, and the multilaycr nature (if the desices.

PACS numbers: 61 -i). - x, 170. -1 r. 73.W)O.I s, 85 30 Iv

Numerous elect ronii' devices are being fabricated by a . an automated '-1I profiler. After electron irradiation to it
por-phatie epitaxy (VPE) of GaAs on a semi-insulating sub dose of 5 ,. 10 " cm _, the cai ricr coitccnlration for the
strate with a VPF buffer heIween the active layer and the active and buffer lasers were I - 1t)0 and 5 l.O cini
substrate Some defect% in n-type VPE material. !,inilar to respectisely
device-grade layers, have been studied in this laboratory. Of The DLTS measurements werc carried out at I MtI, .
particular interest were the samples havinl8 a Svhottky-gate usinga Boonton 7211D capacitance aieter, a Systron-otincicr
FET-like structure. The planar geometry (if this structure I 10H pulse generator, antd a PAR 162 double boxcar. The
and the multilayer nature of the active laycr, bufficr, and, sanlpc tcmpne.ralture wit,. Sricd front I5 to 450( K uting ;iit
substrate 'ontributed to the unusual behavior which must be Air Products ilclitrani. The chrome versus gold t) 7', Iv
considered for complete analysis. thermocouple was mounted dircctly oil the canl of the 105

Deep-level-trap spectroscopy (DI.TS) was used to
characterize the defects. No native deep-level majority-c;ar-
rier traps wereobserved in the material after device proce,,- -

ing. Deep levels were induced in the samples by I -NMeV-elec-
tron irradiation.

DLTS has beeti applied to GaAs by several insc-stiga-
tors. 'Numerous defects have b.en observed that are either --.,
native or Induced by irradiation. Lang and Kimerling.' ' ' as
well as Lang and Logan,' rcported the results of electron
irradiationi as well as some other forms of irradiation. Wang
and Evswarye' reported an application of L)I.TS to IGE'IT
situctures in Si Lang and I ogan' applied 1).1S to
GaA%/Al Ga, As heterojunctions, and Ituong' report Id A , 4 .4h

t he presence of intcrfac: states between VPE GaAs and :, ,"-
doped substrate.

The pirimary samples in this study consisied of a I - it
VPEn-typ'•active layer doped to 2 x 10 " cm 1, atop a 3-p'
"buffer" layer doped to 10 01 cm ' grown on a Cr-doped
semi-insulating substrate. Processing consisted of mesa etch-
ing for isolation and the formationt of a I-mil-gate-length
FET test pattern with Al Schottky and AuGe Ohmic con.
tacts. Dies were mounted on T05 header% and ultrasonicAlly -

wire bonded. (C-V, N-W, and I-V curves were generated to
check consistency, and FET modulation was obicrved.) The
VPE layers were grown in this laboratory by the As%0 pio.
ces. The multilayers were formed in situ by varying the 4' , , , ' -

gowth parameters.
The electron irradiation was performed with a I-MeV I lli I )I'hIt tit un~orrct led enim,,mi 181C dN, fullldf] 'If I/ f fill N1 IS

Van de Graff acceleralor at a flux of -0.3 pA/cn' Tihe -irak 1. tit Oct. Iwittrradnaed n Ipc (inaA 4AaI nimit, ri" I,' r, tii.. I:

carrier-rcmual late wais ddeterniiicd to be linar by rnieails of ,1 1, 5 V (b) I c rn iu, 1, If , 1 V

5`i26 J Apt.' Phys 60(MR August 1979 0021 8t 7We/! 9/0855,++1 04Sut 10 "1 1I99 A rtprct 'rnt rtut( Cf ihy+-... %i,/6



Y. ~AL large reverse biases (V, > 0 V), and with the samec

" . / ,..•c'.•, electron dose (5 x 10 '" cm 2). the DLTS results arc quite
\I anomalous. There is an apparent large increase in V, a%

1 / exhibited by a large increase in the DLTS response. The trap
f V,.TS increases sharply as the bias is increased. The peak tempera-

Lure 7Talso shifts with slight changes of "•,. In general, the
peak temperatures observed using a reverst bias of more
than 6 V are 10 to IS 'K higher than the peak temperatures
ob,.erved for V~ .5 V.H

For some conditions a second peak occurs which is only

"A' E, .slightly separated from the original peak. Figure 2 showsw, three DLTS response curves drawn to the samc scale. The i
same DLTS rate window was used for three different re-

A verse-bias conditions. For Y, 5 V a normal single peak A
is observed at 192 "K. At V'a - 7 V a very large peak is

c. observed at 205 'K, with a lower temperature shoulder
which is very similar to the peak in curve (a). At Vf -9-
V, only a peak at 201 *K is observed. These curves are drawn

- --- '. .,; .' • to the same vertical scale.
"Attempts were made to determine the thermal activa-

tion energies for the peaks at a large reverse-bias condition of
V -- 7.5 V, and the results are shown in Fig. l(b). No
further separation of the two peaks was observed, nor can a

FI6i 2P lot ol I)L tlsic'xon,.cJC.a runf i.,n f tcmper2iure f'r dcc !r"... I-
irradialtd VPE QkA% el itiree rtnersetii•- .. , :_

header. Majority-carrier traps were filled to saturation by / j
pulsing to zero bias. The pulses were achieved via the offset " ,,•-
capabilities of the pulse generator and the bias network ofthe I '
capacitance meter. Boxcar gates were generally 0.5 mx wide
on a 50-ms time base. ""'1

At small bias levels (V, 5 V or less) where the I

depletion region was entirely in the active epitaxial layer (the ,:
top I pum), the DLTS results were normal. The electron- .,-

induced defects El, E2, and E3 (using the nomenclature of " I

i.ang'), in addition to a large signal from a deep center, were
observed. The temperature dependence of these DLTS
peaks, their relative magnitudes, and their thermal activa-
tion energies were nearly identical to the spectra obtained in - ..
this laboratory from similar epitatal layers on conducting , - ,"-'
substrates and arc in excellent agreement with data pub-
lished by other laboratories.'" The uncorrected activation
energies for E2 and E3 were 0. 16 and 0.46 eV, respectively. r
Figure I (a) is a plot of the electron emission rates obtained at .....m**. .

-- 5 V as a function of reciprocal temperature, which , . .. ,.. .
yields the thermal activation energy for E3. The Dl TS rate
window was varied over an order of magnitude by adjusting I
the boxcar delay times

The defect production rate for F3 was measured for .

electron doses ranging over several orders of magnitude and ' ' ' '
found to be linear with dose. For a moderately high electron
dose 5 Y 10 I1 cm 2 aid a small reverse bias, the total I-tn Ii 1 1-1,lof.,,t r ritnrair, i Af ts i,, s i h l d ik) 1,t115 d e '',Ii~l
number of traps N, wa% 3.5 / 10' "cm ', yielding a pro- at %t-cral lerl,,traiure" for ielrtrim.irradialrd hl. VI'l. ( i4A%. I ll kc

duction rate ofO 7 cm . tei paitero

5527 J Appi t'hy% . Vot 50. NO A. AUgusl tW79 (ornmunwu alm)r•t Ill,"
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clear activation energy be determined from Fig. I(b). Similar of the active epilayer), whereas a reverse bias of 7.5 V pro-
results are found at V= - 6.5 and - 9 V. The series at duces a depletion width significantly greater than I p. i.e.,
Va = -6.5 V yielded a more coherent Arhenius plot than penetration of the buffet. The increaseofAC is shown in Fig.
either the - 7.5 and - 9 V curves; but the deviations were 2
quite large, and no reas)nable activation energy could be The effect of the abrupt change iII donor density can be

-,determined. Hence, the fit of the emission data to an expo- qualitatively seen in the following manner. In a single-layer
nential model becomes progressively worse with increasing system the changc in capacitancc is gisen Ub,
reverse bias. CtC I(I)

The transient decays appear to be nonexponential. The
oscilloscope traces become very flat after a delay of > 20 ms. where N, and N 7 are the donor and electron-trap concen-
Nonexponential decay could account for the scatter in the tration, respectively. In the multitayer system the relation-

results in Fig. I(b). The two points in Fig. 1 (b) labeled A ship is more complicated; however. it can be shown that in

were taken with the boxcar gates placed as far away from the two limitinig cases (low and high bias) the change in the ca-

pulse as possible. pacitance is given by
The series resistance of the FET-like devices shown in A C/C = I -j (N•/V,) /N 2 _' ]

Fig. 3 was measured as a function of temperature for gate where N', represents the donor conccntration in the epilayer
voltages ranging from 0 to 10 V using a transistor cur-ve (small-bias limit) or in the buffer (large-bias limit). For I-
tracer. At 200 "K the source-to-drain resistance as a function MeV-electron irradiation N, will be nearly constant
of gale voltage was relatively constant at about l0 " ¢7be- throughout both layers and C will change by only a factor of
tween 0 and .- 5 V. For V, > -- 5 V. pinch off was rapidly 2or3.ClearlyJCandiC/Cwillgrowrapid!)in thetransi-
achieved with a resistance > 10 'f7 for Va = - 9 V. 2ecause-

The quiescent capacitance was also measured as a func- lion from the low-bias limit t the high-bias limit. Becau,, C
ion of revers bias and temperature. The depetion width s a strong function of temperature in the present caw. mean-

was found to bea strong function of temperature as shown in ingful quantitative calculations of the actual trap density

Fig. 4. This strong temperature dependence of the depletion cannot be made.
width is caused by the carrier freeze out at this relatively The shift of the peak temperature T". with reverse bias
high electron dow. may be due to the series resistance and pinch off of the FEI.

The low-bias data are quite consistent in all respects, The effect of series resistance on the quiescent-capacitalice
both with data on single-layer systems in the present study measurement has been discussed by Wiley and Miller.' For
and with results reported in the literature. C- V measure- E3 at about 200 'K, using the measured values of series rests
ments (and hence concentration profiles) indicate that the tance and -apacitance. the measured value ofcapacitance at
large apparent increase of trap concentration AC/C is coin- V9 = -- 7.5 V is nearly unaffected. AT Vj ý - 9 V, the
cident with en.ry of the depletion region into the "buffer" serics resistance causes significant suppression of thecapaci-
material. At 200 'K a reverse biasof 5 V produces a depletion tance and may also cause some shift of the DLTS peak
width of slightly less than I u (nearly equal to the thickness temperature.

S(,c A'.. 'AW T~4

4* k-, ' 1_'&. ,F AYE-I
Y 5 : 0f:, I". "',I1 k

4I ii F I S[€ N f• 5 ' Ilh ,', .1 ,il1
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The double peaks may arise from a fortuitous combina- density near the interface, the shift of peak temperature with
tion of the suppression of the measured capacitance due to reverse bias, and the appearance of double peaks under cer-
series resistance and the enhancement of 4 C due to the tain conditions can, to a large extent, be rationalized in terms
abrupt decrease of N,, across the interface. The analytical of the multilayer planar geometry. The possibility still exists
verification nf such behavior would be very difficult; howev- that the electron-damage defects are intrinsically different in
er, qualitatively, calculations show such an explanation to be the active and buffer layers or that the properties of the de-
unlikely. The experimental verification would be more fruit- fects as measured by DLTS only appear to be different.
ful on a wafer grown on a conducting substrate which would Further study is required to analyze this behavior. Until
eliminate the problem of series resistan:e. such a study has been performed, caution must be exercised

The double peaks may also be due to the same defect in the analysis of DLTS data from multilayer devices.
with slightly different activation energies and/or emission Work was performed at the Air Force Avionics Labora-
rates in the two types of material (active and buffer layers). tory, AFAL/DHR, Wright-Patteson Air Force Base, Ohio,
The two peaks could not be separated further than they are under AF Contracts F33615-76-C-I 166 and F33615-76-C-Jr. Fig 2, nor could they be studied separately. The multi- 1207. The authors wish to thank Gary McCoy.- ""
layer system made possible the study of the buffer under AFAL/DHR, for growing the epitaxial layers. The authors
conditions where N, > .V0 (a condition not amenable to in- also thank Jim Skalski and his staff of AFAL/DHE for fa-
vestigation in single-layer systems). One effect of the high bricating the FET-like structures.
density with respect to .V, is that the Fermi level is pinned
near E3. It is possible that the high trap density in the buffer
could result in anomalous DLTS responses for as-yet-un- I
known reasons.

The appearance of a double peak where only one is usu-
allyobservedmaybeduetointerfacestatesorthepresenceof "D V tang. J Appi Phys 45. 0131119"4)

iDV IangandR A tLean, Appl Phy, t.e 31. 68)t 0(19" 917)
a new defect in the buffer. Although sone data indicated 'A Mlirce and A Mtonneau. Appl Ph)% 8. 15 (I57) $ 1
these possibilities, data obtained from similar irradiated sin- -0 Wada, S Nanag.,a-a. ,and II Takanash. Appi Ph)s 13 .5(qlý)
Sle-layer doped epilayer material on a conducting substrate 't) V Lang and I C Kimnclig. Insi I'hys (Cnf ,cr 23. 5SI 0915

and also from an irradiated buffer layer on a semi-insulating "D V. Lang aid R A I ogan. ) L•Liron Maict 4. 10)53 (19'5)
'K I Wangatnd A.0 F.%,,,,arayc.A AppiI Ph) 47. 4574 (1061

substrate did inot indicate the presence of a new defect or 'Y M. Hnung and 6 ). Pearaoe. J Apptl thy, 49. 3149 (1979)

interface states. 'Gi.M Mnan di i A. Minonneao, wid A ppii.a. .thcctry n Lot 13 .(1•,The multilayer architecture ofthe FET-like devices dis- (i9771
cussed here yields surprising and anomalous results. The "J D Wjl)•and G 1. Mller. IEFE Trans I Icciron IDcicef VD-I2, 191 I -

(1977).
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